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ABSTRACT
Navarro-Escalante, Lucio Ph.D., Purdue University, August 2016. Discovery and
Functional Analyses of Hessian Fly E↵ector-Encoding Genes. Major Professor:
Je↵rey J. Stuart.
The Hessian fly - wheat system is a well-known model of gene-for-gene interac-
tion between host plants and parasitic insects. The Hessian fly uses secreted e↵ector
proteins to control susceptible host plant physiology, transforming the plant cells in a
nutritive tissue to support the developing insect larva. HF-resistant wheat cultivars
employ resistance (R) proteins to perceive the insect avirulence e↵ectors (Avr) and
display defensive immune responses. This study is focused in the discovery and func-
tional analyses of insect e↵ector-encoding genes. Chapter one of this thesis o↵ers an
introduction about the molecular basis of HF-wheat interactions. In Chapter two, I
present the genetic mapping of HF Avr genes vH6, vHdic and vH5 using a genome-
wide strategy. Di↵erences in SNP-allele frequencies obtained from whole-genome pool
sequencing positioned vH6 and vHdic on two di↵erent genomic regions in the long
arm of chromosome X2. vH5 was mapped on ⇠1.3Mb of a proximal genomic region of
chromosome A2 (Sca↵old A2.7). Gene expression analyses permitted to identify two
vHdic candiate genes. In chapter three, I propose that HF SSGP71 family members
encode e↵ectors that structurally resemble E3-ubiquitin-ligases. SSGP71 proteins
contain putative F-box and leucine rich repeats (LRR) domains. Yeast 2-hybrid ex-
periments showed that SSGP71 members interact with host plant Skp1-like proteins.
In chapter four, I use bacterial T3SS-based delivery of proteins into plants to test can-
didate HF e↵ector-encoding genes. Candidate vH13 failed to induce plant immune
responses in H13 -resistant wheat leaves when carried by Pseudomonas fluorescens.
However, experiments with the plant pathogen Burkholderia glumae carrying candi-
xii




The battle between phytophagous insects and host plants has occurred for more than
350 millions years of constant evolution [1]. During this battle, insects have devel-
oped di↵erent feeding strategies to obtain plant nutrients along with physiological
adaptations to overcome plant defenses. During the same period, plants developed
physical barriers, toxic secondary metabolites, and the induced defenses that consti-
tute plant immunity [2, 3]. Induced defenses involves detection of specific wounding
patterns and/or herbivore-associated molecular patterns (HAMPs) present in insect
oral or ovipositor secretions [4,5]. During the last few years there has been increasing
evidence supporting the hypothesis that HAMPs present in the insect saliva induce
jasmonate-related defenses, including direct and indirect defense responses to herbiv-
orous insects (reviewed by [3]).
Induction of plant defenses by pathogens and parasites has been extensively stud-
ied in microbial-plant interactions. Similar to HAMPs, plants can recognize pathogen-
associated molecular patterns (PAMPs) to initiate a PAMP-triggered immunity re-
sponse. Adapted pathogens not only overcome basal plant defenses but also control
other plant physiological pathways by deploying secreted proteins or e↵ectors that
interfere with diverse molecular processes. Several examples of pathogenic bacte-
ria, oomycetes and nematodes are known for deploying e↵ector proteins to suppress
PAMP-triggered immunity and facilitate infection [6, 7]. A similar e↵ector-mediated
defense suppression appears to be the mechanism by which sap-feeding and gall-
forming insects overcome plant basal defenses [6]. Parallel to plant-pathogen inter-
actions, it is thought that insect e↵ector proteins can be recognized by specific plant
resistance (R) proteins to launch an e↵ector-triggered immune (ETI) response, which
can be viewed as a second level of plant immunity. Based on this idea, the products
of individual plant resistance R genes may interact directly or indirectly with spe-
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cific cognate insect e↵ectors to trigger the expression of defense-related genes [8]. In
direct interactions, the R gene protein physically interacts with the cognate e↵ector
protein to trigger plant defenses. In indirect interactions, the R gene protein detects
perturbations of endogenous plant proteins caused by the e↵ector protein, a model
that came with formulation of the guard hypothesis [9]. Most of the plant R proteins
share structural features such as the presence of a nucleotide-binding site (NBS) and a
leucine-rich repeat (LRR) domain. R genes have been widely used as tools in breeding
programs to develop resistant crops against di↵erent plant pathogens [10] including
bacteria, oomycetes and netamodes. Indeed, several R genes have been discovered
and identified as the resistance factors to di↵erent genetic variants of a pathogen, a
relationship known as the gene-for-gene (GFG) model involving a host plant R gene
and a pathogen e↵ector or avirulence (Avr) gene [11].
A well known model for the GFG interaction between phytophagous insects and
plants involves the plant-parasitic Hessian fly (HF),Mayetiola destructor Say (Diptera:
Cecydomidae), and its host plant wheat, Triticum aestivum L. em Thell (Poaceae)
[12, 13]. The HF, as well as other members the family Cecydomidae, belongs to a
large group of flies known as gall midges [14]. The HF female lays her eggs on the
surface of wheat leaves where they hatch as first-instar larvae and crawl down to the
leaf base (crown) to establish a feeding site. Protected by other wheat leaves, the
first-instar larvae reprogram plant physiology and induce a plant nutritious tissue,
likely mediated by molecules in the insect salivary secretions. The first and second
larval instars feed on the plant whereas the third instar, pupa and the adult develop
as non-feeding stages, all in a life cycle of approximately 28 days under warm condi-
tions (17-24  C) [15]. Several physiological changes take place in attacked susceptible
wheat plants (the compatible interaction) such as increment of nutrient metabolism
and transport, accumulation of nitrogen-rich molecules, higher cell permeability and
a decrease of basal defense responses [16–20]. Based on the GFG model, resistance-
breeding programs have been used by plant breeders in order to develop wheat cul-
tivars with resistance to HF. It is hypothesized that HF secreted avirulence (Avr)
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proteins are recognized by plant R proteins to generate larval antibiosis [13]. HF
first-instar larvae die within 3-5 days after attack on resistant wheat plants proba-
bly as a result of plant ETI responses [21, 22]. Resistant wheat seems to respond
to Hessian fly avirulent larva attack with a combination of di↵erent defense mech-
anisms, including oxidative burst [21], synthesis of digestive enzyme inhibitors [23],
lectins [24–26], and toxic secondary compounds [17]. Accumulation of reactive oxy-
gen species (ROS) is a well-documented early signaling response associated with plant
defense induction against pathogens and herbivorous insects [3, 5, 27, 28]. ROS accu-
mulation has already been studied in the wheat-HF interaction [21]. The evidence
suggests that a ROS increment at the feeding site of resistant wheat plants (Iris and
Molly) might be related to early signaling processes and defense responses. However,
whether or not putative HF secreted e↵ector proteins elicit these types of early sig-
naling and inducible plant defense mechanisms remains to be determined. Bioassays
showing the direct relationship between HF e↵ectors present in oral secretions and
the wheat defense responses are necessary to further support a gene-for-gene model
in this system.
Thirty-five R genes (H1 to H34 plus Hdic) have been identified in wheat and
related species conferring resistance against HF [29]. However, evidence suggests
that wheat resistance mechanism is overcome by recessive mutations in corresponding
HF Avr genes. Eight HF candidate Avr genes have been already mapped onto HF
chromosomes using genetic linkage analysis. The Avr genes vH3, vH5 and vH7H8
were mapped on autosomal chromosomes [12, 30, 31], while vH6, vH9, vH13 and
vH24 [15, 22, 32] were mapped on sex chromosomes. HF vH13 gene was the first
insect Avr gene identified and its product has no sequence similarities with other
proteins [30]. Recently, a candidate vH9 gene was also identified [33] sharing gene
structural characteristics with vH13. Both vH9 and vH13 are single-intron genes
encoding secretion signal peptides (SP) and highly expressed in the first-instar salivary
glands of HF. DNA sequence analysis showed that point mutations in the candidate
vH9 gene are associated with H9 -virulence while three large DNA insertions in vH13
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gene are associated with H13 -virulence. Candidate vH24, another SP-encoding gene,
was identified as a putative protein phosphatase [22]. A 136bp DNA insertion on the
promoter region of gen vH24 that seems to block gene expression was found associated
with virulence to H24 -wheat.
Gene prediction and sequence analysis of the recently sequenced HF genome (⇠160
Mb) revealed a highly diverse content of potential e↵ectors, including here the above
identified candidate Avr genes [22]. More than 900 predicted HF genes have SP-
encoding sequences and mature proteins having little or no sequence similarity to
other known proteins. Over 750 of those genes have been found specifically expressed
in the salivary gland of first-instar larvae, the so-called Secreted Salivary Gland Pro-
teins (SSGPs) [34–36]. Most of the SSGP genes are grouped into families based on
their SP amino acid identity and gene structure; family SSGP71 being the largest
with ⇠427 members. Mass spectrometry protein analysis at the larval feeding site
demonstrated that SSGPs are secreted into the plants [22]. Seventeen SSGP proteins
were identified on wheat after 24 hours of larval attack, 13 of them were members
of family SSGP71. Today there is little doubt that insect e↵ector proteins govern
the interactions between HF and wheat plants. Identification of the HF Avr genes
responsible for GFG interaction and their virulence-associated mutations are funda-
mental in order to design programs of insect control. This type of information can
help to monitor insect virulence in the field and decide what specific HF-resistant
cultivars should be deployed. Likewise, the discovery of HF e↵ectors that interfere or
suppress plant defenses or control other important physiological processes will be key
for understanding the molecular basis behind HF-wheat interaction and developing
future plant defense strategies. Since little is known about the functions of the >900
HF candidate e↵ectors, the development of functional bioassays will allow us to test
individual genes and ask about their role as virulence factors. This study focuses
on aspects of HF e↵ector biology such as avirulence gene discovery and functionality
of candidate e↵ector genes. Chapter 2 of this thesis will cover the genetic mapping
of HF Avr genes vH6, vH5 and vHdic using a whole-genome sequencing strategy;
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Chapter 3 will show evidence of a HF e↵ector family (SSGP71) that seems to mimic
host F-box proteins; and finally, Chapter 4 will discuss the usefulness of heterologous
bacterial T3SS-based delivery as a functional bioassay for discovery and testing HF
e↵ector genes on plants.
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2. AVIRULENCE GENE MAPPING IN HESSIAN FLY
USING WHOLE-GENOME POOLED SEGREGANT
SEQUENCING
2.1 Background
The Hessian fly (HF, Mayetiola destructor) is an insect pest of wheat (Triticum
spp.) and an insect model to study the molecular basis of interactions between plant-
parasitic insects and their host plants. Plant pathogens use secreted e↵ector proteins
to alter host plant physiology and modulate basal plant immunity, a well-known mech-
anism shared by di↵erent bacterial and eukaryotic pathogens [1]. Resistance against
pathogens is achieved when plant resistance (R) genes encode proteins that directly
or indirectly recognize pathogen e↵ectors in a process called E↵ector-Triggered Im-
munity (ETI). The pathogen genes encoding these recognizable e↵ectors are called
Avirulence (Avr) genes. ETI has been proposed as the mechanism for HF-resistance
in wheat. To date, 35 wheat R genes (H1 to H34 and Hdic) conferring resistance
against HF have been identified and mapped on wheat chromosomes [2–9].
Plant pathogens circumvent ETI through the loss or modification of the cognate
Avr e↵ector proteins [1]. Therefore, molecular genetic identification of virulence-
associated genetic mutations can be performed to discover the Avr genes that en-
code those e↵ectors. This map-based approach was taken in an attempt to identify
virulence-associated mutations that allow HF larvae to survive on plants carrying
specific wheat R-genes. Candidate genes vH9 and vH24, which presumably encode
the e↵ectors that elicit ETI in plants carrying R genes H9 and H24, were identified
on chromosome X1 [10]. Candidate genes vH13 and vH6 were cloned and mapped
on di↵erent regions of X2 [10, 11]. The mutations in these candidate genes were
associated with the insect’s ability to defeat their cognate R-gene-mediated ETI.
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Candidate vH6 and vH9 belongs to a large family of HF e↵ector proteins that re-
semble F-box E3-ligase proteins [10]. Similar e↵ectors have been discovered in other
plant pathogens [12, 13]. Candidate vH24 is a member of a small e↵ector-coding
gene family and its predicted protein shares sequence similarity with type 2C protein
phosphatases [14]. Candidate vH13 is a unique gene with no sequence similarity to
other HF genes or genes in other insects [11].
These Avr e↵ector gene mapping e↵orts in HF have been facilitated by the in-
sect’s well-established genetic tractability. Recently, sequencing and assembly the
HF genome has greatly improved that facility [10] and should make it possible to
use newer high-throughput DNA sequencing technologies as robust and cost-e↵ective
approaches for HF Avr -gene mapping [15–18]. One approach is to perform whole-
genome sequencing of pools of segregating individuals (Pool-Seq) [17]. This method
combines Bulk Segregant Analysis (BSA) with high-throughput sequencing to permit
the identification of Single Nucleotide Polymorphism (SNP) markers that are genet-
ically linked to the trait of interest. Pool-Seq takes advantage of massive parallel
genome sequencing to sample SNP alleles and estimate their frequency in the bulk or
population. Thus, genome regions with significant di↵erences in allele frequency can
be associated with the trait under analysis. The use of Pool-Seq or similar strategies
for genetic mapping have been applied successfully in organisms like yeast (Saccha-
romyces cerevisiae) [19,20], zebrafish (Danio rerio) [21], Arabidopsis thaliana [22,23],
rice (Oryza sativa) [24, 25]; fruit fly (Drosophila melanogaster) [26] and the malaria
mosquito (Anopheles gambiae) [27]. The HF’s small genome (160 Mb) and its genome
assembly, in which about 60% of the sequences are assigned and ordered on chromo-
somes, make the HF an organism suitable for Pool-Seq gene mapping. Here we utilize
this new sequencing-based method to perform gene mapping of three HF Avr genes,
vH6 (H6 -virulence), vHdic (Hdic-virulence) and vH5 (H5 -virulence). We found that
Pool-Seq mapping positioned vH6 to a region that was consistent with previous stud-
ies [10], close to the centromere on the long arm of chromosome X2. We also positioned
the mutation conferring Hdic-virulence to a genomic region (⇠700Kb) just proximal of
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vH6 on chromosome X2. In addition to mapping these genes, these studies improved
the genome assembly as they placed linked sca↵olds on the X2 chromosome. Finally,
we further resolved the location of H5 -virulence to a genome sca↵old (⇠1.3Mb) on
chromosome A2.
2.2 Results
2.2.1 H6 -virulence was mapped to sca↵old X2.11
Previously, Stuart et al. [28] demonstrated an X-linked position for H6 -virulence.
Later, Zhao et al. [10] mapped a candidate vH6 gene on the long arm of chromo-
some X2 using four di↵erent structured mapping populations and PCR-based DNA
markers. We used HF males collected from a Louisiana population that segregates
for H6 -virulence. Collected males were genotyped by testcrossing as hemizygous
H6 -avirulent or hemizygous H6 -virulent (Figure 2.1,A) and were used to make H6 -
virulent (23 individuals) and H6 -avirulent (19 individuals) DNA bulks. These bulks
were named H6-Avr and H6-vir respectively. We used Illumina technology for whole-
genome sequencing of each bulk. Illumina sequencing resulted in ⇠53.9 million high-
quality reads, which accounted for 5.3 Gb of genomic data (Table 2.1). After map-
ping the reads from each bulk against the Hessian fly reference genome (Mdes 1.0),
we looked for SNP positions with minimum and maximum read coverage of 10 and
200 reads respectively. These coverage limits were used in order to reduce the pos-
sibility of predicting false SNPs in genomic regions with poor sequencing coverage
or repetitive DNA sequences. We also selected polymorphic SNPs with a minimum
allele count of 4 reads per bulk in order to decrease the e↵ect of sequencing error and
variability in the amount of DNA per individual for allele frequency estimations. We
found about 1.4 million SNPs between sequenced H6 -virulence bulks across the HF
genome sca↵olds that were subsequently used for genetic mapping.
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Based on the Illumina reads mapped to the HF reference genome we estimated
SNP allele frequencies and looked for di↵erences along the entire genome between
the bulks using Popoolation2 [29] (supplementary figure S1, see Appendix). Since
the mapping population here came from a non-structured population, we did not
have expected SNP allele frequencies for unlinked genome regions. However, we ex-
pected that genome regions or sca↵olds linked to H6 -virulence should contain the
largest SNP allele frequency di↵erences between the H6-Avr and H6-vir bulks due to
the hemizygous state of sex chromosomes in HF males. Therefore, we calculated a
pairwise fixation index (FST) for each polymorphic SNP in order to measure genetic
di↵erentiation across the genome between bulks (Figure 2.2,A). We found that the
largest di↵erentiation, expressed as the mean FST values on sliding genome windows,
reside in a ⇠300 Kb region on chromosome X2 (sca↵old X2.11, between positions
X2.11:220Kb-520Kb) (Figure 2.2,C). We also used Fishers Exact Test (FET) to de-
termine if the SNP allele frequencies were significantly di↵erent between H6-Avr and
H6-vir bulks in these windows. We identified the same ⇠300 Kb window on X2 with
the largest significant di↵erence in allele frequency (mean FET > 3, p-value < 0.001)
(Figure 2.2,B).
We found that H6 -virulence seems to reside within the di↵erentiated ⇠300-Kb
region on sca↵old X2.11 according to Pool-Seq analysis. Using Web Apollo [30] and
the HF genome reference sequence (https://i5k.nal.usda.gov/Mayetiola destructor)
we identified 21 gene models inside in this region. Gene model Mdes009086-RA,
which was previously identified as candidate vH6 [10], resides within the 300-Kb
fragment found in this analysis (Figure 2.2,C). Mdes009086-RA encodes a member of
the e↵ector protein family SSGP71 and its expression is lost in H6 -virulent larvae [10].
The genetic data that we present in this analysis using a field population and Pool-
Seq support the genome location for H6 -virulence on the long arm of chromosome
X2, specifically on X2.11.
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2.2.2 Hdic-virulence is a X-linked locus on chromosome X2
We also wanted to apply Pool-Seq for mapping Hdic-virulence in HF. The first
step was to discover if this avirulence gene was inherited as an autosomal or a sex-link
trait. According to the unusual inheritance pattern and sex determination mechanism
in the Hessian fly [31, 32], it is possible to determine if a virulent mutation is linked
to autosomal or sex chromosome just by examining the male o↵spring phenotype.
If the Avr locus is autosomal, a cross between an avirulent male and a homozy-
gous virulent male-producing female (v/v) produces avirulent (v/A) males. If the
Avr locus is X-linked, the same cross produces virulent (v/-) males because only the
maternally inherited X chromosomes are retained in the male soma [31]. Crosses be-
tween individual Hdic-avirulent males and individual Hdic-virulent male-producing
females (9) produced only virulent males on Hdic-seedlings. Crosses between Hdic-
avirulent males and individual Hdic-virulent female-producing females (5) produced
Hdic-avirulent first-instar female larvae. These results were consistent with expecta-
tions of an X-linked Avr locus.
In a first attempt for mapping Hdic-virulence prior to the Pool-Seq strategy, we
used BSA to identify genetic markers on HF sex chromosomes linked to this trait.
Males from a F2 Hdic-virulence recombinant inbred line (vHdic-RIL) were genotyped
as Hdic-avirulent or Hdic-virulent individuals (Figure 2.1,B) and used to make DNA
bulks with 10 males each. These DNA bulks were subsequently used for BSA analysis.
None of the 11 polymorphic makers located on chromosome X1 were linked to the
trait, however 5 out of 13 polymorphic markers on X2 were linked to Hdic-virulence
(data not shown). Linked genetic makers were found to reside on the long arm of
chromosome X2, specifically on sca↵olds X2.7 and X2.8. We used these five makers,
plus new markers designed for X2.7 and X2.8 (Table 2.2), to resolve the position of
Hdic-virulence (Chaoyang Zhao, unpublished data). Individual males from genera-
tions F2, F6 and F10 of the vHdic-RIL population were screened for the selected
markers. The mapping data allowed us to position Hdic-virulence within a mapping
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window that extended ⇠100 Kb from one end of sca↵old X2.8 to markers on the distal
end of sca↵old X2.7 (supplementary figure S2). However, we could not rule out the
possibility that the gene resides within the gap between the two sca↵olds.
For Pool-Seq analysis, we built one Hdic-avirulent DNA bulk (15 individuals) and
two Hdic-virulent DNA bulks (16 and 17 individuals, respectively) using the F10
males previously collected from the vHdic-RIL population. These new DNA bulks
were named as Hdic-AvrF10, Hdic-virF10A and Hdic-virF10B, respectively. Each
bulk was separately sequenced using Illumina, and the resulting data were used for
SNPs calling as described above. Whole-genome sequencing produced ⇠131.8 million
(13.2 Gb) high-quality reads, containing about 1.2 million SNPs. We estimated SNP
allele frequencies for the Hdic-AvrF10 bulk and the two-merged Hdic-virF10 bulks and
subsequently looked for genome regions containing di↵erences in frequency (Figure
2.3) as described above. Since these bulks included only males (which are hemizygous
for sex chromosomes), we expected significant di↵erences in frequency due to fixation
of bulk-specific alleles over genome regions linked to Hdic-virulence. We found a
cluster of SNPs with significant di↵erences (>0.9) on sca↵olds X2.8 (Figure 2.4),
confirming previous results. Interestingly, we also detected another cluster of SNPs
(⇠600-Kb) on sca↵old A1Random.66 (A1R.66) with significant di↵erences (>0.9) in
allele frequency as well. Genome-wide FET values were also estimated as above in
order examine the statistical significance of allele frequency di↵erences across the HF
genome (Figures 2.4 and supplementary figure S3); significant di↵erences between
bulks were discovered on sca↵olds X2.8 and A1R.66.
These results suggested that all or part of sca↵old A1R.66 had been misassembled
and that the sequence belongs in the gap between sca↵olds X2.8 and X2.7. We first
examined that possibility by testing whether PCR-based A1R.66 markers were linked
to Hdic-virulence (Figure 2.4,E). We used DNA samples from bulked and individual
males (n=48) segregating for virulence in the vHdic-RIL F10 mapping population
and scored the genetic linkage of 17 markers on A1R.66. Using BSA analysis, we
found four polymorphic genetic markers linked to Hdic-virulence (Table 2.2). Genetic
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screening on individual males found no recombinant individuals for markers A1R66-
4, A1R66-62KB and A1R66-85 and only four recombinant individuals were identified
for marker A1R66-169 (Figure 2.4,E). These data therefore clearly confirmed that
sca↵old A1R.66 is linked to Hdic-virulence.
To further test the possibility that sca↵old A1R.66 resides in the gap between
sca↵olds X2.8 and X2.7, we performed fluorescent in situ hybridization (FISH) to the
HF polytene chromosomes using HF BAC clones specific to each sca↵old as probes.
These experiments demonstrated that sca↵olds A1R.66 (BAC clone Md23L24) and
X2.8 (BAC clone HF07L11) reside together on the long arm of chromosome X2 and
that their orientation with respect to the centromere is consistent with the position
of the X2.8-X2.7 gap (Figure 2.4,F).
2.2.3 Identification of candidate Hdic-virulence genes
We next examined predicted genes on the Hdic-virulence-linked genome regions in
X2.8 and A1R.66 for the presence of a secretion signal peptide on N-terminal of their
predicted proteins, evidence that the encoded protein may be an e↵ector. We also ex-
amined each encoded protein for sequence similarity to other proteins in HF and other
insect genomes because previous HF Avr-encoded e↵ectors were often members of HF
gene families and genes lacking sequence similarities to other proteins in GenBank
[10,11,14]. Forty-eight gene models on A1R.66 and 6 genes on A2.8 were found on the
linked genome regions using Web Apollo and the HF genome reference sequence. The
SignalP4.1 algorithm [30] predicted 7 genes on A1R.66 and 1 gene on X2.8 selected
regions encoding secretion signal peptides (Table 2.3). BLASTP searches with these
eight selected genes indicated that five of these genes (Mdes005935-RA, Mdes005949-
RA, Mdes005952-RA, Mdes005968-RA and Mdes004160-RA) had low similarity with
other proteins in the nr NCBI protein database. Excluding Mdes005935-RA, the re-
maining 4 genes are members of the SSGP4 gene family, a group of e↵ector-like encod-
ing genes previously identified [10]. We examined their expression on HF first-instar
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larvae using reverse-transcription PCR (RT-PCR) (Figure 2.4,G). RT-PCR revealed
that two of these genes (Mdes004160-RA and Mdes005968-RA) were transcribed in
Hdic-avirulent first-instar larvae but not transcribed in Hdic-virulent first-instar lar-
vae. Other genes in the Hdic-linked genome regions were transcribed equally in both
virulent and avirulent first-instars. Taken together with the genetic mapping data,
the RT-PCR analysis indicated that genes Mdes004160-RA and Mdes005968-RA are
the best Hdic-virulence (vHdic) candidates.
2.2.4 H5 -virulence was mapped to sca↵old A2.7
Previous analysis suggested that H5 -virulence is inherited as a single recessive
allele of an autosomal Avr locus [33]. This analysis mapped H5 -virulence to a large
region spanning the centromere of chromosome A2 and flanked by STS markers 23-201
(located on sca↵old A2Random.1) and 28-178 (located on sca↵old A2.9) [33,34]. An
attempt to narrow the location of H5 -virulence using 109 PCR-based markers and an
F2 recombinant inbred line segregating for H5-virulence (vH5-RILF2) identified six
additional H5 -virulence markers on sca↵olds A2.5-A2.7 and A2.9 (Table 2.2). These
markers were further examined using DNA isolated from individual males (n=36)
segregating for virulence in the vH5-RILF2 population. The absence of recombinant
individuals for the markers on sca↵olds A2.6 (458.5 Kb) and A2.7 (1.3 Mb) suggested
that these sca↵olds are most closely linked to H5 -virulence.
In order to test this possibility further, we used Pool-Seq on H5 -avirulent (H5-Avr)
and H5 -virulent (H5-vir) DNA bulks. These bulks were created using F2 back-crossed
males (vH5-BCM) (Figure 2.1,C) from a previous H5 -virulence mapping population
[34]. We expected that BCMs were genotyped as heterozygous H5vir*/H5Avr for
individuals in the H5-vir bulk or homozygous H5Avr*/H5Avr for those in the H5-
Avr bulk, where asterisks denote the maternally inherited alleles that would be only
transmitted to the o↵spring. With this scenario, the H5-Avr bulk was expected to
be heterozygous in non-linked genome regions and homozygous only in the genome
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region containing the H5 -virulence locus. To avoid the bias associated with low
sample numbers, we eliminated SNPs that had coverage lower than 20 reads. With
the remaining SNPs (919,867), we plotted both SNP allele frequency di↵erences and
SNP frequency significance (FET) across the genome between the bulks (Figure 2.5).
As expected, chromosome A2 was associated with the largest di↵erences and sca↵old
A2.7 was associated with the largest di↵erences observed on that chromosome.
2.2.5 Candidate vH5 genes on sca↵old A2.7
The sca↵old A2.7 reference sequence is ⇠1.3Mb in length and contains 142 gene
models, 37 of these are predicted to encode secretion signal peptides. BLASTP
searches indicated that 26 of these signal-peptide-encoding genes are homologous
to highly conserved proteins present in other insect genomes across di↵erent Or-
ders, and therefore are unlikely to be e↵ector proteins. The remaining 11 genes
had no similarities with genes in other insect species. Two of these genes had
been identified previously as Secreted Salivary Gland Protein (SSGP) encoding genes
(SSGP47-1 [Mdes007142-RA(a)] and SSGP71-137 [Mdes007205-RA]) in the Hessian
fly genome [10]. We tested the expression of these 11 genes by RT-PCR on first-
instar larvae of the H5 -avirulent and H5 -virulent strains. None of these genes were
di↵erentially transcribed between bulks. One was not expressed in any either bulk
(data no shown). Additionally, we did not identify frame-shifts or early stop-codons
that may a↵ect protein translation on the remaining 10 genes. One candidate gene
[Mdes007142(b)] had three nonsynonymous mutations in H5 -virulent individuals that
were not present in H5 -avirulent individuals or in the reference (avirulent) gene se-
quence. These mutations were at gene positions 396.365 (Lys->Leu); 396.171 (Gln-
>Lys) and 396.786 (Lys->Arg).
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2.3 Discussion
Whole-genome pool sequencing was able to map H6 -virulence in HF to a ⇠300Kb
genomic region on sca↵old X2.11. Inside this region resides the candidate H6 -
virulence gene (vH6 ) that was previously mapped and cloned by Zhao et al. [10].
This result indicates that Pool-Seq is a gene-mapping strategy that can be useful
for cloning Avr genes in HF. Following that thought, we aimed to map Avr genes
vHdic and vH5 using Pool-Seq. Hdic-virulence was mapped to chromosome X2 over a
⇠700Kb genomic region. This region covers portions of the HF genome sca↵olds X2.8
(⇠100Kb) and A1R.66 (⇠600Kb). Despite of the sequence gaps that are still present
in the HF reference genome, we detected eight secretion-signal-encoding genes on
this region. Interestingly, two of these genes (Mdes004160-RA and Mdes005968-RA),
which share low protein sequence similarity to other genes, were not transcribed in
Hdic-virulent first-instar larvae. The predicted mature proteins of Mdes004160-RA
and Mdes005968-RA share only 32% identity, however their secretion-signal peptides
are 75% identical. These two genes belongs to the HF e↵ector protein family SSGP4,
a group of genes known to be expressed in the salivary glands of HF first-instar
larvae [35,36]. Features such as presence of a secretion-signal peptide, absence of se-
quence similarity to other conserved genes and transcription abolishment have been
found in other HF candidate virulence genes previously cloned like vH6, vH13 and
vH24 [10,11,14]. The absence of gene expression in Mdes004160-RA and Mdes005968-
RA agree with loss-of-function, a condition commonly associated with e↵ector pro-
teins that evade recognition by plant resistance proteins [1]. These two model genes
constitute the best vHdic candidates identified to date. The performance of Pool-Seq
for gene mapping depends directly on the estimations of SNP allele frequency within
the pool samples [37, 38]. The accuracy of these estimations is mainly a↵ected by
conditions such as the number of individuals pooled for sequencing and total read
coverage per bulk. In fact, even at low reads coverage (10-20X), Pool-Seq has demon-
strated to be fairly accurate (R2 ⇠0.95) for this estimations [38]. Despite the use of
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a F10 population for Hdic-virulence mapping, a better resolution within this genome
window may have been obtained with more individuals per bulk. A larger sample
size can reduce the variability of SNP-allele frequency estimations and increase the
chances for capturing more recombination events around the Hdic-virulence locus.
H5 -virulence was mapped to a ⇠1.3Mb genomic region (sca↵old A2.7) on chromo-
some A2. Eleven putative e↵ector-encoding genes were found within A2.7, including
two SSGP-encoding genes (SSGP47-1 and SSGP71-137) previously reported [10,39].
However, no evidence of di↵erences in gene expression or H5 -virulence-associated mu-
tations altering open-reading frames (ORFs) was detected in these candidate genes.
It is likely that other candidate vH5 genes resides within this genomic region tak-
ing into account that ⇠23% (301.3Kb) of sca↵old A2.7 corresponds to gap sequences
where no gene models have been predicted. Reducing the genetic mapping window for
location of vH5 will be necessary for narrowing the number of candidate genes. In this
experiment, it is possible that chromosome-related features may have interfered with
mapping of H5 -virulence to a closer genomic window. Behura et al. [34] have reported
evidence for severe recombination suppression on the proximal region of chromosome
A2. About 50% of chromosome A2, including its centromere, seems to correspond to
<2% of the genetic length. In future attempts for improving H5 -virulence mapping,
it will be necessary not only to sample a larger number of individuals (>50) but
also to use mapping populations over F2 generation in order to reduce the e↵ect of
recombination interference.
In addition to gene mapping, Pool-Seq also o↵er an opportunity for improving
the current HF genome assembly. The signatures of linkage disequilibrium across
adjacent genomic regions allow the identification genome sca↵olds that have been
poorly assembled or wrongly located on chromosomes. Based on this, we clearly
showed that sca↵old A1Random.66, which was originally located on chromosome A1
in the current reference genome [10], is located on chromosome X2, between sca↵olds
X2.7 and X2.8 2.4.
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2.4 Methods
2.4.1 Insect mapping populations
For H6 -virulence, an association mapping was performed with a non-structured
field population from Louisiana where virulence to H6 -wheat had been detected in
the past [40]. Briefly, males from this population were genotyped as hemizygous H6 -
virulent or hemizygous H6 -avirulent by testcrossing to individual homozygous H6 -
virulent virgin females biotype L (Firure 2.1,A.). The genotype of the HF Louisiana
males was determined by scoring the ability of the testcross-derived o↵spring to stunt
and survive on Caldwell wheat seedlings containing the H6 resistance gene. The geno-
typed males were collected and used for genomic DNA extraction using the DNeasy
tissue kit (Qiagen, Chatsworth, CA).
To develop the Hdic-avirulent and Hdic-virulent strains we used an Israeli HF
population. The Hdic-avirulent strain was selected following similar procedures as
in other avirulent HF strains [14]. Briefly, single mated females were allowed to lay
eggs on caged pots containing susceptible Newton seedlings on one side and Hdic-
resistant seedlings on the other side of the pot. Ten days after egg deposition, pots
with Hdic-seedlings either stunted or containing living larvae were discarded. The
larvae on the remaining pots were allowed to develop as adults on the stunted Newton
seedlings. The emerging males and females were intermated and later single mated
females were again allowed to deposit eggs on caged pots as above for a second
generation of selection. The same steps of selection for Hdic-avirulence were followed
for two generations until no Hdic-virulence was detected in the population. The
Hdic-virulent strain was selected for three generations on caged pots containing only
Hdic-resistant seedlings following a similar procedure as previously described for other
virulent genes [14, 41].
The Hdic-virulence mapping population (Figure 2.1,B.) was created by crossing
a single virulent male with two avirulent sister females; male- and female-producing
females, respectively. The F1 males and females o↵spring were intercrossed again
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to generate a Hdic-virulence recombinant inbred line (vHdic-RIL). The vHdic-RIL
was maintained over several generations by continue intermate. Males collected from
generations F2, F6 and F10 were genotyped as hemizygous Hdic-virulent (v/-) or
Hdic-avirulent (A/-) by testcrossing them to individual homozygous Hdic-virulent
(v/v) virgin females as described previously [11] on Hdic-resistant seedlings. The
genotyped males were used for genomic DNA extraction as described above.
Methods used to develop and genotype the H5 -virulence backcrossed F2 (vH5-
BCF2) mapping population were previously described [34]. Briefly, H5 -avirulent
males (Great Plains biotype; GP) and H5 -virulent females (biotype L) to wheat H5 -
resistant gene were crossed and their F1 female o↵spring were backcrossed to GP
males to obtain the vH5-BCF2 male o↵spring (Figure 2.1,C). Since Hessian fly males
transmit only the maternally derived chromosome set, the vH5-BCF2 males were
testcrossed to L females and the genotype determined by scoring the ability of the
testcross-derived o↵spring to stunt and survive on Abe wheat seedlings containing
the H5 R-gene. The testcross-derived o↵spring were scored as avirulent if they die as
first-instar larvae or virulent if they survive on Abe plants. The testcrossed vH5-BCF2
males were collected for genomic DNA extraction as described above.
2.4.2 Sample pooling and genome DNA sequencing
Genomic DNA was isolated from the individual testcrossed males in the mapping
populations. Bulks of DNA were prepared by mixing approximately equal amount of
genomic DNA from these males. Paired-end (PE) sequencing libraries (100 bp PE
reads, ⇠250bp insertion size) and genomic DNA sequencing (Illumina HiSeq2000)
were performed by the Purdue Genomics Core Facility (Purdue University, West
Lafayette, Indiana, USA). The PE reads were later trimmed with FASTX-toolkit
v0.7 to remove tag and adaptors and finally filter for quality (Phred quality   Q20).
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2.4.3 Read mapping and SNP analysis
The pre-processed and quality filtered PE reads from each bulked DNA sample
were mapped to the Hessian fly reference genome using BWA v. 0.7.5a (aln and sampe
commands) [42]. SAMtools v.0.1.18 [43] was used to remove ambiguously mapped
and duplicated reads, keeping only those with a mapping quality higher than Q20 and
proper mapped pairs. The SAMtools mpileup command was used to build a multiple-
pileup file for SNP calling. SNPs around indels in the Hessian fly reference genome
were filtered using the Perl scripts identify-indel-regions.pl and filter-sync-by-gtf.pl.
The final filtered mpileup file was synchronized using the java tool mpileup2sync.jar,
filtering for base quality higher than Q20. SNP allele frequencies were estimated using
the Perl script snp-frequency-di↵.pl for bi-allelic SNPs. The FET and FST values were
calculated with Perl scripts fisher-test.pl and fst-sliding.pl respectively. The java tool
mpileup2sync.jar and other Perl scripts used for SNP filering and statistical analyses
are included in the Popoolation2 tool [29]. The IGV genome viewer was used to
visualize the mapped reads as well as the FET and FST analysis. Other SNP-related
plots in this study were prepared using R programming language.
2.4.4 Genetic mapping with PCR-based markers
The Hessian fly reference genome was used to identify microsatellite makers and
design PCR primers with the SSR Locator software [44]. These molecular markers
were used to genotype individuals from mapping population and pooled DNA sam-
ples by standard PCR methods using primers listed in supplementary table S1 (see
Appendix).
2.4.5 Fluorescent in situ hybridization (FISH)
We used BES (BAC-End-Sequence) and BLASTN to identify HF-genome BAC
clones specific for sca↵olds A1Random.66 and X2.8. These BAC clones was used as
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probes for FISH on HF polytene chromosomes. Probe synthesis, HF salivary-gland
polytene chromosome preparation and FISH were done as described previously [45].
2.4.6 RT-PCR for candidate genes
Total RNA was isolated from 2-day-old first-instar larvae of the avirulent and vir-
ulent strains using RNeasy Mini Kit (Qiagen). Single-strand cDNA was synthetized
for each sample using SuperScript III First Strand (Invitrogen) according to man-
ufacturer procedures. Single-strand cDNA was used for RT-PCR with gene-specific
primers (Table 2.4) using the 35 cycles of: 95 C 30 sec, 55 C 30 sec, 72 C 60 sec; plus
final step of 72 C 5 min. The Hessian fly actin gene was included as reference and
internal control. RT-PCR products were visualized on agarose gels.
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genomics from pool sequencing. Molecular ecology, 22(22):5561–76, 11 2013.
[17] Christian Schlötterer, Raymond Tobler, Robert Kofler, and Viola Nolte. Se-
quencing pools of individuals mining genome-wide polymorphism data without
big funding. Nature Reviews Genetics, 15(11):749–763, 9 2014.
[18] Martin Trick, Nikolai Maria Adamski, Sarah G Mugford, Cong-Cong Jiang,
Melanie Febrer, and Cristobal Uauy. Combining SNP discovery from next-
generation sequencing data with bulked segregant analysis (BSA) to fine-map
genes in polyploid wheat. BMC plant biology, 12(1):14, 1 2012.
[19] Kyle R Pomraning, Kristina M Smith, and Michael Freitag. Bulk segregant
analysis followed by high-throughput sequencing reveals the Neurospora cell cy-
cle gene, ndc-1, to be allelic with the gene for ornithine decarboxylase, spe-1.
Eukaryotic cell, 10(6):724–33, 6 2011.
[20] Steve Swinnen, Kristien Schaerlaekens, Thiago Pais, Jrgen Claesen, Georg
Hubmann, Yudi Yang, Mekonnen Demeke, Mara R Foulquié-Moreno, Annelies
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H6 -avirulent 27.530.110 2.715.847.661 14.6 x 65.40
H6 -virulent 26.352.574 2.599.460.108 14.0 x 65.77
H5 -avirulent* 69.360.376 6.849.113.158 36.9 x 61.16
H5 -virulent* 62.368.904 6.160.459.194 33.1 x 62.82
Hdic-avirulent 31.180.664 3.066.146.713 16.5 x 76.85
Hdic-virulent* 92.713.232 9.135.416.563 49.2 x 78.39
a Total number of PE reads after quality-filtering.
b Percentage of reads mapped to reference genome after filtering for read-mapping quality.
* Represents merged PE libraries from 2 bulk-replicates.
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Table 2.2








X2.7-2 X2.7 49433 12
X2.7-21 X2.7 380695 12
X2.8-163 X2.8 1506605 3
X2.8-190 X2.8 1937330 2
X2.8-195 X2.8 2037097 2
X2.8-202 X2.8 2138414 2
X2.8-215 X2.8 2247940 2
X2.8-221 X2.8 2325397 0
X2.8-2.3MB X2.8 2351355 0
A1R66-4 A1Random.66 12809 0
A1R66-62KB A1Random.66 62998 0
A1R66-85 A1Random.66 589005 0
A1R66-169 A1Random.66 1040500 4
vH5-virulence mapping:
A2.4-324 A2.4 3334451 7
A2.5-402 A2.5 1318322 1
A2.6-186 A2.6 58611 0
A2.6-189 A2.6 111881 0
A2.7-201 A2.7 593360 0
A2.7-206 A2.7 830330 0
A2.9-262 A2.9 1757537 1
a Sca↵old name and position based on Hessian fly reference genome version Mdes 1.0.
b Number of recombinant individuals in the vHdic-RILF10 mapping population (n=48) for vHdic-virulence






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Fig. 2.1. Mapping populations. (A) HF males collected from a field
population (Louisiana) were genotyped as avirulent (A/-) or virulent
(v/-) to R-gene H6 wheat. (B) Development of an Hdic-virulence
recombinant inbred line (vHdic-RIL) and testcrossing for collected
males as avirulent (A/-) or virulent (v/-) to R-gene Hdic wheat. (C)
Development of an H5 -virulence mapping population and testcross-
ing for backcrossed males (BCM) as heterozygous avirulent (v/A)
or homozygous avirulent (A/A). The phetoype and genotype for the
collected males in A, B and C are deduced if H(6/dic/5 )-containing
wheat plants were susceptible (S) to virulent larvae or resistant (R) to














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Fig. 2.4. Hdic-virulence mapping on sca↵olds A1R.66 and X2.8. Plots
of the allele frequency di↵erences for each single SNP on A1R.66 (A)
and X2.8 (B). Red lines on these plots define regions with the largest
di↵erences. Blue lines in A and B represent average (smoothed) dif-
ferences. FET estimations [-Log10(P-value)] for each single SNP on
A1R.66 (C) and X2.8 (D). (E) Genetic linkage of PCR-based markers
to Hdic-virulence found no recombinants on genomic regions linked to
this trait. (F) FISH detection on HF polytene chromosomes reveled
that A1R.66 (red signal) is positioned on chromosome X2, adjacent
to X2.8 (green signal). Centromeres are indicated by white arrows,
N: nucleolus. (G) RT-PCR identified two candidate genes (green and
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Fig. 2.5. H5 -virulence mapping. (A) Genome-wide plot (IGV screen-
shot) of mean FET values on sliding-windows (250Kb) of HF genome.
Sca↵old A2.7 is highlighted with the largest di↵erences across the
genome. (B) FET on 10Kb sliding-windows (5Kb steps) of A2.7 re-
veal that the entire sca↵old appear to be linked to H5 -virulence. (C)
Allele frequency di↵erences for each single SNP across A2.7. Blue
lines in B and C represent average (smoothed) values.
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3. MOLECULAR CHARACTERIZATION OF A HESSIAN
FLY F-BOX/LRR-CONTAINING EFFECTOR FAMILY
3.1 Background
The hypothesis that Hessian fly (HF)Mayetiola destructor, and other plant-galling
insects, uses an e↵ector-based strategy for host plant manipulation and reprogram-
ming is accumulating evidence in its favor. The HF as a pathogen/pest of wheat
shows a gene-for-gene (GFG) mode of interaction involving plant resistance genes
(R) and insect avirulence genes [1]. One line of evidence involves avirulence gene
mapping. Two candidate avirulence-e↵ector genes (vH13 and vH24 ) were recently
mapped on the HF genome [2, 3], supporting the GFG hypothesis.
A second line of evidence is the number of putative e↵ector-encoding genes that
have been discovered in the transcriptome and the genome of the insect. More than
750 expressed sequence tags (ESTs) encoding putative secreted salivary gland proteins
(SSGPs), putative e↵ectors, have been discovered in first-instar HF larva salivary
gland transcriptome [4–6]. Over 900 SSGP genes were predicted in the HF genome [7].
All of these SSGPs were sorted into families and super-families based on their secretion
signal peptide (SP) sequence similarities, protein structure, genomic organization and
cDNA sequence similarities [4]. The precise functions of these genes is still to be
determined, but the high diversity of these putative HF e↵ector genes suggests they
are involved in a complex interaction with host plant (wheat, Triticum aestivum)
that defeats plant defense and permits plant cell developmental manipulation. Lack
of sequence similarity to other known proteins makes it di cult to assign putative
molecular functions to most of the SSGPs. However, a protein structural analysis
of the candidate vH24 gene; and 17 other similar members of small SSGP4 family,
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revealed that they possibly encodes type-2C protein phosphatase (PP2C) e↵ectors [3].
The host targets of all putative HF PP2C-like e↵ectors also remain elusive.
Host plant ubiquitination pathways have been identified as a common physiolog-
ical target for a variety of microbial pathogen-derived e↵ectors, either perturbing or
hijacking it for the pathogen benefit [8, 9]. The ubiquitination system is a key eu-
karyotic regulatory mechanism for a wide diversity of cellular processes. It acts post-
translation by targeting proteins for activity modification or degradation. Regulation
is accomplished via the covalent addition of several ubiquitin moieties to a target pro-
tein, directing the targeted protein to the 26S proteasome for degradation [10]. The
attachment of ubiquitin to target proteins is mediated by substrate-specific E3 ubiq-
uitin ligases, which rely on protein-binding domains for target recognition. In plants,
the ubiquitination system is essential for hormone signaling, development and immu-
nity responses [11]. For these reasons, it is not altogether surprising that adapted
pathogens have evolved sophisticated mechanisms that exploit the cellular ubiqui-
tination system for their own benefit. One elegant strategy involves the molecular
mimicry of host E3 ubiquitin ligases; a strategy found in plant pathogenic bacteria
Xanthomonas campestris [12], Pseudomonas syringae (reviewed by [13]), Agrobac-
terium tumefaciens [14] and Ralstonia solanacearum [15]. Although no eukaryotic
pathogen e↵ectors have been identified as molecular mimics of host E3 ligases, there
are examples of e↵ectors that perturb or control host 26S-proteasome-mediated pro-
tein degradation in the pathogenic oomycetes Hyaloperonospora arabidopsidis [16]
and Phytophthora infestans [17] and the fungus Magnaporthe oryzae [18]. Since
plant-galling insects seems to share a similar pattern of plant attack [19], we might
anticipate that insect-derived e↵ectors may target host ubiquitination pathways as
well.
In this study, we present protein structural and protein-protein interaction evi-
dence of a HF e↵ector family protein as putative E3 ligase mimics. The multi-gene
family SSGP71 is the largest SSGP gene family and the largest gene family yet dis-
covered in an insect genome [7]. Inside this family resides two recently discovered
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avirulence genes, vH6 and vH9 [7]. Here, we use protein sequence analysis to show
that family SSGP71 members contain an F-box and Leucine Rich Repeat (LRR) mo-
tifs, and hypothesize they might function as host F-box protein mimics. We support
this idea by showing that SSGP71 members, including vH6, are able to interact with
host plant Skp1-like proteins. Thus, gene family SSGP71 appears to be an expansion
of genes encoding e↵ectors containing F-box/LRR motifs. It is the first line of evi-
dence that gall-forming insects use F-box E3 ligase mimics to alter plant cell growth
and development.
3.2 Results
3.2.1 Genome distribution and phylogenetic analysis of family SSGP71
E↵ector family SSGP71 contains ⇠427 members, including predicted full-length
and partial gene sequences. The majority of SSGP71 genes are composed of two
exons, the first exon encoding mainly the predicted SP, while the second exon encodes
the mature protein We examined the position of predicted full-length SSGP71 genes
across the HF genome reference and estimated gene density per Mb on sca↵olds.
SSGP71 genes are relatively well dispersed across the HF genome with members on
every HF chromosome (A1, A2, X1 and X2). We found 37 SSGP71 genes on sca↵olds
in chromosome A1, 30 on A2, 59 on X1 and 146 on X2. The remaining 102 full-
length genes were located on sca↵olds that have not yet been physically assigned
to chromosomes. Usually, SSGP71 genes are positioned as groups of 3 or 4 genes in
tandem. Genome sca↵olds with the highest number of SSGP71 genes and gene density
are showed in Table 3.1. Interestingly, the highest SSGP71 gene densities on the sex
chromosomes are located on sca↵olds close to telomeric regions (X2.16 had ⇠27.4
copies/Mb while X1.7 had ⇠11.6 copies/Mb), where recombination rates are greatest
(J.J. Stuart, unpublished data). Strong positive correlation between recombination
and tandem duplication rate in chromosomes has been detected before [20–23].
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A phylogenetic analysis of e↵ector family SSGP71 (Figure 3.1) revealed several
interesting characteristics. The majority of the SSGP71 genes located in close genome
proximity tend to form single clades. Several clades can be found on most of the
genome sca↵olds present in the four chromosomes. For example, 15 SSGP71 genes
located in sca↵old Un.17588 were clustered in a single clade (bootstrap = 96%), as
well as 8 genes in A2.9 (bootstrap = 96%) and 4 genes on sca↵old X1.7 (bootstrap =
100%). An unrooted representation of the phylogenetic tree (supplementary Figure
S4) allowed us to sort most SSGP71 proteins is eight main clusters (I to VIII) based
on phylogenetic distance and sequence similarities. The gene distribution pattern and
the corresponding phylogenetic relationships observed for family SSGP71 may suggest
that tandem gene duplications seems to be driving the evolution of this e↵ector protein
family.
3.2.2 SSGP71 genes encode e↵ectors containing putative F-box and LRR
domains
We looked for sequence similarity of SSGP71 members with other proteins in NCBI
databases using BLASTP. Excluding M. destructor sequences from the search, none
of the SSGP71 members showed significant similarity (E-value > 1e-3) with any other
protein in this database. However, further protein sequence analysis using alignment
and InterProScan [24] predicted the presence of F-box (Pfam PF00646) and Leucine-
Rich Repeat LRR (SSF52058) domains in most SSGP71 family members (Figure
3.2). Both F-box and LRR domains are found in F-box proteins, a component of
the SCF (Skp1-Cullin-Fbox) complex or SCF E3 ubiquitin ligases, which drives the
ubiquitination of proteins targeted for degradation through the 26S proteasome. The
F-box is a structural protein motif of about 50 amino acids that interacts directly
with Skp1-like proteins to recruit the other SCF components [25,26]. F-box proteins
recognize their specific target proteins through a second protein-protein interaction
domain, usually an LRR domain [27]. In SSGP71 e↵ectors, the F-box domain is
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located on the N-terminal of the mature protein and follows the typical LPx6I core
motif observed in other eukaryotic F-box proteins and the Ralstonia solanacearum F-
box GALA e↵ectors [15] (Figures 3.2,B&C and 3.3). We found 357 SSGP71 members
encoding the predicted F-box motif while others seem to lack this motif. Secondary
structural predictions of the SSGP71 F-box domain using JPred [28] revealed three
↵-helices (Figure 3.2C) that seem to correspond to the H1, H2 and H3 helices found
in known F-box domains [29]. The putative LRRs were found in all SSGP71 genes,
covering most of the C-terminal region of the predicted proteins (Figure 3.2,B). Each
LRR is a motif of 20 to 30 residues. The number of motifs varies from 8 to 13, however
most of the SSGP71 members (293) have 13 LRRs. There is variability among the
LRR motifs in SSGP71 in terms of amino acid similarity and length, however most
of them follow the typical core pattern LxxLxxLxL (Figure 3.3); where ”L” indicates
leucine, isoleucine, valine, phenylalanine, tyrosine, or methionine and ”x” indicates
any amino acid. The LRRs in SSGP71 family were predicted to form the ↵-helices/ -
strand combination (Figure 3.2,D) found in LRR motifs [29, 30].
We modeled the three-dimensional (3D) structure of candidate vH6 e↵ector (Fig-
ure 3.4&B) using the Phyre2 threading program [31]. The 3D model of vH6 e↵ec-
tor was created based on its best structural homolog, the human Fbox/LRR-repeat
protein 3 (FBXL3) (PDB: 4i6j.B). SSGP71-vH6 and FBXL3 share only 14% se-
quence similarity, however SSGP71-vH6 was modeled with 97% confidence according
to Phyre2. The vH6 3D model revealed the putative F-box and LRR conformation
found in other known F-box protein structures [29,32,33]. In silico validation of the
predicted vH6 3D model with Ramachandran plots (Figure 3.5) showed that 86.6.3%
of the modeled residues were in favored conformational regions and 8.7% in allowed
regions. Only 4.7% residues were positioned in outlier conformational regions. Struc-
tural alignment using TM-align for the 3D-structure model of vH6 and the human
F-box protein Skp2 structure (PDB: 1FQV) [29] showed structural similarity (TM-
score: 0.5968) between these two proteins (Figure 3.4,C&D).
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3.2.3 An SSGP71 e↵ector interacts with a wheat Skp1-like protein in
Y2H assays in a F-box-dependent manner
As components of a functional SCF E3 ligase complex (Figure 3.6), F-box pro-
teins are known to interact directly with Skp1-like proteins in di↵erent eukaryotic
organisms [29, 34–37]. Similarly, evidence suggests that plant pathogens like R.
solanacearum, A. tumefaciens and poleoviruses beet western yellows virus (BWYV)
and Cucurbit aphid-borne yellows virus (CABYV) use Fbox-containing e↵ectors to
hijack the host SCF machinery for their own benefit by interacting with host Skp1-
like proteins [15, 38, 39]. Therefore, we asked if members of the HF e↵ector family
SSGP71 might interact with host wheat Skp1-like proteins in Y2H assays. To do
that, we cloned the HF e↵ector SSGP71-149 in the pDEST32 vector (Invitrogen) for
expression as Gal4 DNA Binding Domain (DBD)-fusion protein in yeast. Selection
of this candidate e↵ector was based on the good confidence of protein domain recog-
nition by InterProScan analysis and evidence of its transcription in HF first-instar
larvae (data not shown). We also cloned a wheat Skp1-like member (TaSKP-prot2)
in the pDEST22 vector (Invitrogen) for expression as Gal4 Activation Domain (AD)-
fusion protein in yeast. Co-expression of HF SSGP71-149 and TaSKP-prot2 proteins
into yeast AH109 revealed protein-protein interaction by the accumulation of beta-
galactosidase activity as blue yeast colonies on X-↵-gal medium lacking Leu and
Trp (SD/-Leu/-Trp/Xgal) (Figure 3.7,A). To test whether the putative F-box do-
main in SSGP71-149 is involved in this positive interaction, we cloned a mutated
versions of SSGP71-149 into pDEST32 , one lacking the F-box domain (SSGP71-
149 Fb) and the other lacking the LRR domain (SSGP71-149 LRR). The interac-
tion with TaSKP-prot2 was maintained after deletion of the putative LRR domain
from SSGP71-149 (SSGP71-149 LRR). However, the deletion of the putative F-box
domain from SSGP71-149 (SSGP71-149 Fb) abolished the interaction with TaSKP-
prot2 (Figure 3.7,A). These results suggest that SSGP71-149, like F-box E3 ligases
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native to wheat [35], is able to interact with a wheat Skp1-like protein, likely via the
F-box domain.
3.2.4 Candidate vH6, but not vH9, interacts with several wheat Skp1-like
proteins in Y2H assays
We centered our attention in candidate avirulence vH6 (SSGP71-206) and vH9
(SSGP71-338) e↵ectors and asked if they are able to interact with wheat Skp1-like pro-
teins as well. Candidate vH9 is a member of the family SSGP71 that lacks the F-box
domain but keeps the LRRs motifs found other members of the family. As described
above, we cloned the cDNA of these two HF e↵ectors in pDEST32 for expression as
Gal4-BD-fusion protein in yeast. Additionally, we used RT-PCR to clone other wheat
Skp1-like proteins (Supplementary file 1, see Appendix) using primers previously de-
signed for that purpose [35]. These Skp1-like clones (TaSKP-prot1 to TaSKP-prot7)
were inserted into pDEST22, as described above, and used for Y2H protein-protein
interaction experiments. Positive interaction was deduced by the ability of yeast cells
to grow on SD medium lacking Leu, Trp and His (SD/-Leu/-Trp/-His). We found
that the candidate vH6 e↵ector was able to interact with four TaSKP proteins when
co-expressed in yeast cells, and that vH9 failed to interact with any of the TaSKP
clones (Figure 3.7B). The cDNA sequence of the interacting TaSKP clones (TaSKP-
prot2, -prot4, -prot5 and -prot7) showed that they encode the conserved C-terminal
region known to interact directly with F-box motifs (Figure 3.8) [29]. Consistent with
the absence of an F-box on the vH9-e↵ector, no interaction was observed between vH9
and the TaSKPs (Figure 3.7B).
3.2.5 Other SSGP members encode putative RING/Ubox containing ef-
fectors
After we found evidence suggesting that SSGP71 genes encode putative F-box
E3 ligase mimics, we examined other SSGP families looking for other types of E3-
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ligase-encoding genes. Using InterProScan and protein sequence alignment we found
ten SSGP16 family members containing a RING/Ubox-like motif (Figure 3.9) similar
to the RING/Ubox motif found in RING-type E3 ligases involved in ubiquitination
processes [40]. This SSGP16 RING/Ubox motif shares significant similarity with the
RING/Ubox motif found in plant RING-type E3 ligases (Figure 3.9B). The canoni-
cal RING/Ubox domain binds directly to the ubiquitin-conjugating enzyme (E2) to
facilitate the transfer of ubiquitin to the target proteins [26]. Examples of bacte-
rial e↵ectors similar to eukaryotic RING/Ubox E3 ligases are already reported. The
Legionella pneumophila LubX [41] and the P. syringae AvrPtoB [42] e↵ectors are
E3 ligase mimics containing RING/Ubox domains. We observed significant struc-
tural aliment (TM-score: 0.58592) between the predicted Phyre 3D structure of the
RING/Ubox domain in a SSGP16 member (SSGP16-84) and the known structure of
the RING/Ubox domain in AvrPtoB [43](Figure 3.9C). The presence of a putative
RING-Ubox domain in these SSGP16 family members suggests that they might also
have a role in ubiquitination of host proteins.
3.3 Discussion
We identified a multi-gene family of putative F-box-LRR containing e↵ectors in
the plant-galling flyM. destructor, an insect pest of wheat. The N-terminal F-box-like
motif in SSGP71 family shares relatively low sequence similarity with known F-box
motifs. However it contains the LPx6I core pattern observed in other F-box pro-
teins (Figures 3.2,C and 3.3,A). SSGP71 LRR motifs follow the conserved LxxLxL
core (Figures 3.2,D and 3.3,B) that form the typical alternating ↵-helices and  -
sheets that compose the horseshoe fold observed in most F-box-LRR proteins [30,44].
Previously, molecular modeling using LRR-containing proteins in di↵erent organisms
suggests that the conserved LxxLxL pattern is enough to form the characteristic
horseshoe curvature for proteins with several repeats [45]. F-box and LRR domains
are usually found together in F-box proteins as components of the SCF-type E3 ubiq-
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uitin ligases. The HF SSGP71 family contains the largest gene family yet discovered
in insects, however it is particularly interesting due to the putative e↵ector function
as F-box-LRR containing proteins. Drosophila and mosquitoes have ⇠25 Fbox-LRR
encoding genes (Ho et al., 2006), none of these encode secretion signal peptides. We
detected ⇠25 of these orthologs F-box-LRR genes in the HF genome. Plant genomes
contain over 700 F-box-LRR encoding genes [34, 46], but they lack secretion signal
peptides as well. The HF SSGP71 family contains ⇠430 SSGP-encoding genes, most
of them encoding a relatively conserved secretion signal peptide and a more diverse
mature F-box-LRR containing protein. The large number of SSGP71 genes and the
higher amino acid diversity of the mature protein compared with their SP sequences,
suggest that these putative e↵ector-encoding gene family could be under high selec-
tion pressure for diversification. Strong positive selection has already been detected
in other SSGP families [6]. It is likely that rapid diversification of SSGP71-encoding
genes brings the capacity for functional adaptation or escape from host R protein
recognition.
Several plant pathogens have evolved e↵ectors that mimic di↵erent types of E3
ubiquitin ligases in order to perturb or hijack the host plant ubiquitination system.
For example, P. syringae pv. tomato DC3000 encodes the type III secreted e↵ector
AvrPtoB, a multi-domain protein that mimic an eukaryotic Ubox/RING-finger E3
ligase [47]. AvrPtoB targets and drives the ubiquitination of the host immunity-
related kinase FEN. Ubiquitination and final proteasome-mediated degradation of
FEN suppress plant immunity responses [48]. The X. campestris pv. vesicatoria
XopL e↵ector was shown to exhibit a novel E3 ubiquitin ligase region [12]. XopL in-
teracts with host E2 conjugating enzymes and mediates ubiquitination of recombinant
proteins in vitro. Although the XopL host target remains unknown; it is plausible
that its N-terminal LRR domain specifically recognizes the target during plant immu-
nity suppression. Another interesting example is the type 3 secreted GALA e↵ector
family (named after the conserved GAxALA pattern among protein members) in the
plant pathogen R. solanacearum, which causes bacterial wilt in several solanaceous
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crops [49]. GALA e↵ectors (about 7 members) were shown to have F-box-LRR do-
mains and probably play a role in pathogenesis as E3 ubiquitin ligase mimics [15].
Y2H protein-protein interaction assays demonstrated that GALA F-box e↵ectors are
able to interact with several Arabidopsis and Medicago truncatula Skp1-like proteins
in a F-box-motif-dependent manner.
In this study, Y2H protein interaction experiments suggest that two putative
SSGP71 e↵ectors were also able to interact with wheat Skp1-like proteins (Figure
3.7), likely via the F-box-like motif (at least for SSGP71-149 e↵ector). Although in
planta protein-protein interaction assays may be necessary to corroborate these find-
ings, the evidence obtained reveals that the SSGP71 family might represent a novel
class of F-box protein e↵ectors targeting host ubiquitination pathways. In support
of this hypothesis, we note that Skp1-like and ubiquitin extension proteins are over-
expressed in susceptible wheat attacked by HF first-instar larvae [50]. As proposed
for the GALA e↵ectors, that SSGP71 F-box e↵ectors may target host plant proteins
for proteasome-dependent degradation by hijacking host SCF units and recreating a
functional E3 ligase. Future identification of SSGP71 target proteins will be necessary
to confirm ubiquitination activity. Alternatively, the SSGP71 e↵ectors may interfere
with the host SCF type ubiquitination by interacting and depleting host Skp1-like
proteins.
3.4 Methods
3.4.1 SSGP71 protein sequences and phylogenetic analysis
Curated protein sequences for members of the family SSGP71 were obtained from
the HF O cial Gene Set (OGS1.0) [7]. Genome locations for SSGP71 genes were
extracted from the HF genomic feature file (GFF) at the i5K WorkSpace@NAL
(https://i5k.nal.usda.gov/Mayetiola destructor) using in-house perl scripts. Protein
sequence aligments were performed with Muscle algorithm in Jalview [51]. Conser-
vation sequence logos were built with the online WebLogo tool
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(http://weblogo.berkeley.edu) [52]. A Maximum Likelihood (ML) tree was built with
aligned protein sequences using MEGA6 [53]. The tree nodes were evaluated with
bootstrap analysis with 500 replicates. Tree visualization and editing was performed
using FigTree software (http://tree.bio.ed.ac.uk/software/figtree/).
3.4.2 Protein domain and structure predictions
Conserved protein domain signatures were identified in SSGP71 proteins by In-
terProScan searches [24]. SSGP71 protein sequences aligned in Jalview were used
for secondary structure prediction with JPred tool [28]. 3D structure predictions
were performed using Phyre2 threading program [31]. Ramachandran plots for 3D
structure quality assessment were performed with RAMPAGE tool [54]. Pairwise 3D
structural alignments were built with TM-align algorithm [55].
3.4.3 HF SSGP71 and wheat Skp1-like cDNA cloning
Total RNA was isolated from HF first-instar larva with RNeasy Mini kit (Qiagen)
and converted into single-strand cDNA using SuperScript III First Strand Synthesis
(Invitrogen). Double-stranded cDNA clones for SSGP71-149, SSGP71-206 (candi-
date vH6 gene) and SSGP71-338 (candidate vH9) were amplified by RT-PCR from
single-strand cDNA using Gateway attB-adapted primers for the mature protein (Ta-
ble 3.2). SSGP71-149 clones lacking the F-box domain (SSGP71-149 Fb) or the
LRR domain (SSGP71-149 LRR) were also amplified with attB-adapted primers
(Table 3.2). SSGP71 cDNA clones were recombined into pDONR221 vector by BP
recombination (Invitrogen). For wheat Skp1-like cDNA cloning, total RNA was iso-
lated from the crown tissue of 2nd-leaf stage Newton wheat seedlings with RNeasy
Plant Mini kit (Qiagen) and transcribed into single-strand cDNA as above. Skp1-like
cDNA clones (TaSKPs) were amplified with attB primers (Table 3.2) and recombined
into pDONR221 as described above. All recombinant pDONR221 clones were con-
firmed by sequencing. All plasmid manipulations were performed with Escherichia
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coli OmniMAXTM2 (Invitrogen). Selection of recombinant colonies was performed on
LB agar plates with appropriate antibiotics. Plasmid preparations were performed
with QIAprep Spin Miniprep kit (Qiagen).
3.4.4 Yeast two-hybrid analysis
The pDONR-SSGP71 clones were recombined with the pDEST32 vector by LR
recombination (Invitrogen) for Gal4-DBD-fusion expression, while pDONR-TaSKP
clones were recombined with pDEST22 for Gal4-AD-fusion expression. Yeast AH109
cells (Clontech) were co-transformed with pDEST32-SSGP71 and pDEST22-TaSKP
vectors by standard LiAc transformation procedures. Double yeast transformants
were selected on SD agar plates lacking Leu and Trp (SD/-Leu/-Trp). Protein-protein
interactions were screened on SD/-Leu/-Trp agar plates containing X-↵-gal (Clon-
tech) or SD/-Leu/-Trp/-His agar plates. Each interaction screening was replicated
with three di↵erent yeast colonies.
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SSGP71 gene density on HF genome sca↵olds




X2.16 2337800 64 27.4
X2.12 529964 9 17.0
X1.7 11292355 13 11.6
Un.17588 2109152 19 9.0
X1R.10 1003315 9 9.0
X2.17 2229815 20 8.7
A2.9 1931073 15 7.7
X1.1 4029392 30 7.5
A1R.66 1690755 12 7.1
Un.18557 844898 6 7.1
X2.13 2668924 19 7.0
Un.16430 1489357 7 4.7
A1.33 1400293 6 4.3
A1.46 2569063 9 3.5








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Fig. 3.1. Protein phylogenetic tree of SSGP71 family. A Maximum
likelihood phylogenetic analysis using 272 SSGP71 mature predicted
proteins. Protein names are colored according to chromosome position
(A1, A2, X1, X2 and Un, unknown genome location. See color key
in the graph). A black line denotes an example of closely located
SSGP71 genes (sca↵old Un.17588 in brown) forming a single clade.
Bootstrap values (500 iterations) are indicated. Main clusters are
shown with Roman numerals (I to VIII). These cluster groups were
established based on branch lengths of an unrooted representation of
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Fig. 3.2. Predicted SSGP71 e↵ector gene and protein structures. (A)
SSGP71 genes are composed of two exons. The mature protein is
basically encoded by the second larger exon. (B) Organization of a
typical SSGP71 protein (SP, signal peptide; FB, F-box; LRRs, leucine
rich repeats). The LRRs are colored according to sequence pattern
of L residues: blue, LLxxLxxxLxxLxL; orange, Lx(1–3)LxxLxxLxL;
pink, Lx(3–5)LxxxLxxxxxLxxLxL; purple, LxxLx(2–3)LxxL (where
L indicates leucine, valine, isoleucine, phenylalanine, tyrosine, or me-
thionine and x indicates any amino acid). (C) Logo showing the
consensus sequence of the SSGP-71 F-box based on the alignment of
270 predicted proteins. (D) Logo showing the consensus sequence of
the seventh LLR based on the alignment of 323 predicted proteins.
Predicted secondary structures (JnetPred) above the F box and LRR
consensus sequences are indicated, where the red bars represent ↵-
helices and the green arrow represents a  -sheet. Black bars represent






Fig. 3.3. Protein sequence alignment for SSGP71 F-box and LRR
motifs. (A) N-terminal F-box domain alignment using Muscle al-
gorithm for twenty SSGP71 representatives. Black arrows indicate
the conserved LPxxxxxxI core pattern of the LPx6I-type F-box mo-
tif. (B) C-terminal end showing sequence alignment using Muscle for
LRR motifs in SSGP71 proteins. Black arrows indicate the conserved
LxxLxL core pattern of LRRs.
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Fig. 3.4. Protein structure for SSGP71 vH6. (A and B) The pre-
dicted three-dimensional structure for vH6 (SSGP71-206) was gen-
erated using Phyre2 (http://www.sbg.bio.ic.ac.uk/phyre2/). Three
hundred residues of vH6 (66% of the mature protein) were modeled
with 97% confidence based on a F-box/LRR protein model (PDB:
4I6J.B). The leucine-rich repeat (LRR) and F-box (Fbox) domains
are indicated. (C and D) Pairwise structural alignment using TM-
align (http://zhanglab.ccmb.med.umich.edu/TM-align/) of the pre-









 26  LEU 27  PRO
 28  ASN
 45  ARG
 71  ARG
 72  PRO
 140  GLU
 168  LYS
 187  PHE
 188  PRO  203  ASN
 243  CYS
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Fig. 3.5. 3D structure quality assessment for SSGP-
206 (vH6) Ramachand an plot using RAMPAGE
(http://mordred.bioc.cam.ac.uk/ rapper/rampage.php ) for the






















Fig. 3.6. Representation of the SCF-type E3 ligases. The SCF com-
plex includes the protein SKP, which interacts with a F-box protein
and Cullin to form the multi-unit E3 ligase. The F-box protein in-
teracts with SKP through the N-terminal F-box motif (FB). The C-
terminal leucine-rich repeat (LRR) domain of the F-box protein rec-
ognizes the specific target protein for attachment of ubiquitin (Ub)
from the E2 conjugating enzyme (E2). Eventually, the ubiquitinated
target protein is degraded through the 26S proteasome pathway.
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Fig. 3.7. Interaction between HF SSGP71 proteins and wheat Skp1-
like proteins. (A) Yeast 2-hybrid (Y2H) protein-protein interaction
assays of SSGP71-149 and TaSKP-prot2 (SKP2) in yeast AH109
co-transformed with: (1) full mature SSGP71-149 and SKP2; (2)
SSGP71-149 LRR + SKP2; (3) SSGP71-149 Fbox + SKP2; and (4)
SSGP71-149 + empty pDEST22. Blue color represents the accumu-
lation of beta-galactosidase activity in yeast resulting from activation
of reporter Lac-Z gene. (B) Y2H protein-protein interaction between
candidate vH6 or vH9 with several wheat Skp1-like proteins. Yeast
AH109 cells co-transformed with pDEST32- and pDEST22-derived
clones are able to grow SD agar lacking Leu and Trp (SD/-L-T).
Strong protein-protein interactions allow the yeast cells to grow on
selective SD agar lacking Leu, Trp and His (SD/-L/-T/-H) due to
activation of reporter HIS3 gene.
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Alignment: /Users/stuartlab/Documents/LUCIO/SSGP/Y2H_experiments/TaSKP-like-proteins.txt
Seaview [blocks=10 fontsize=12 A4] on Fri Jan 15 11:29:02 2016
             1
TaSKP-prot1  MAAAGDAGEK KMITLKSSDG EEFEVEEAVA MESQTIRHMI EDDCADNGIP
TaSKP-prot2  MAAAGDAGEK KMITLKSSDG EEFEVEEAVA MESQTIRHMI EDDCADNGIP
TaSKP-prot3  MAAA--EGEK K-IMLKSSEG EEFEVDKAVA MESQTIRHMI EDECADNAIP
TaSKP-prot4  MAAA--EGEK KMITLKSSDG EEFQVEEAVA MESQTIRHMI EDDCADNGIP
TaSKP-prot5  MAAA--EGKK K-IMLKSSEG EEFEIDKAVA MESQTIRHMI EDECTDNAIW
TaSKP-prot6  MAAA--EGEK KMILLKSSDG EGFQVEEAVA MESQTIRHMI EDDCTDNGIP
TaSKP-prot7  MAAA--EGEK KMITLKSSDG EEFQVEEAVA MESQTIRHMI EDDCADNGIP
            51
TaSKP-prot1  LPNVNSKILS KVIEYCNKHV QAKP--ADGA AAGAGAGASD AAPA-APAED
TaSKP-prot2  LPNVNSKILS KVIEYCNKHV QAKP--ADGA AAGAGAGASD AAPA-APAEA
TaSKP-prot3  LPNIDCKILS KVIEYCKKYV QAD------- ---ASSSASA AAAAPAPTEG
TaSKP-prot4  LPNVDSKILS KVIEYCKKYV QA-------- ---DSSSSTS TAAA-APAED
TaSKP-prot5  LPNVNSNILS MVIEYCKKHV QASPKPADSA AAAASCSTSA AAAAPAPTEG
TaSKP-prot6  LPNVDSKILS KVIEYCKKHA PK-------- ---PADSSDF TAAA-APAKD
TaSKP-prot7  LPNVDSKILS KVIEYCKKHV QASPKPADSG AVTDANSSTS TAAA-APTED
           101
TaSKP-prot1  LKNWDAEFVK VDQATLFDLI LAANYLNIKG LLDLTCQTVA DMIKGETQRR
TaSKP-prot2  LKNWDAEFVK VDQAPLFALI LAANSLNIKG LLALPCQTVA AMIKGKTPEE
TaSKP-prot3  MKSWDAEFIK VDQATLFDLI LAANYLDIKG LLDLTCQIVA DMIKGKTSEE
TaSKP-prot4  LKSFDAEFVK VDQATLFDLI LAANYLNIKG LLDLTCQTVA DMIKGKTPEE
TaSKP-prot5  MKSWDAEFIK VDQATLFDLI LAANYLNIKG LLDLTCQTVA DMIKDKTPEE
TaSKP-prot6  LKSFDTNRVR QGRP------ ---------- ---------G HPLRPHPRCK
TaSKP-prot7  LKSFDAEFIK VDQNTLFDLI LAANYLNIKG LLDLTCQTVA DMIKGKTPEE
           151
TaSKP-prot1  SARLSTSRTT LRPRRRRRSA GRTSGPLS-- -
TaSKP-prot2  IRKPFNIKND FTPEEEEEIR RENQWAFE-- -
TaSKP-prot3  IRKTFNIKND FTPEE----- ---------- -
TaSKP-prot4  IRKTFNIKND FTPEEEVEIR RENQWAFE-- -
TaSKP-prot5  IRKIFNIKND FTPEEEAEVR KENQWAFE-- -
TaSKP-prot6  LSQHQGIARP YLPDRCRHDQ GQDSGGDPQD F















Fig. 3.8. Protein sequence alignment of wheat Skp1-like clones. Se-
quence alignment using Muscle of seven TaSKP protein sequences
cloned from wheat (Triticum aestivum) cultivar Newton. A blue line
indicates the BTB/POZ domain for interaction with Cullin, while a
red line indicates the helical extension domain for interaction with
F-box proteins. Asterisks (*) indicate TaSKP proteins that showed
positive interactions with SSGP71 proteins.
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Fig. 3.9. RING/Ubox-like domain in SSGP16 family members. (A)
An N-terminal signal peptide (SP) is followed by one RING/Ubox-
like domain on C-terminal in ten SSGP16 member proteins. (B)
Protein sequence aignment shows the significant similarity on the
RING/Ubox domain found in plant RING-type E3 ligases and the pu-
tative RING/Ubox domain predicted in SSGP16 members. Residues
important for the function of RING/Ubox domains are denoted by
black arrows [56] (C) Structural alignment (using TM-align) between
the RING/Ubox-like domain from the P. syringae AvrPtoB (PDB:
2FD4) and the Phyre2-modeled 3D structure of the RING/Ubox-like
domain of SSGP16-84 protein.
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4. BACTERIAL T3SS-BASED DELIVERY SYSTEM AS
FUNCTIONAL ASSAY FOR HESSIAN FLY EFFECTORS
4.1 Background
Plant - parasite interactions involve a complex interplay of physiological processes
and evolving molecules in both the plant and the parasite. This is best understood in
the case of microbial pathogens and their host plants. Plants under attack have the
ability to detect the threats exerted by pathogens through recognition of conserved
pathogen-associated molecular patterns (PAMPs, also called MAMPs for microbial-
associated molecular patterns) [1]. PAMPs include structural proteins and polysac-
charides [2–4]. PAMPs are detected by plant pattern-recognition receptor proteins
(PRRs) that elicit PAMP-triggered immunity (PTI), the basal or first-layer defense
response [3]. Adapted pathogens use secreted proteins or e↵ectors to interferer with
PTI and modulate other plant processes for the benefit of the pathogen [1]. In a
second-layer of defense, plants use resistance (R) proteins to recognize e↵ectors. This
recognition elicits e↵ector-triggered immunity (ETI), a faster and more robust defense
that commonly involves a hypersensitive response (HR) that kills infected cells before
the disease can spread. Nonetheless, pathogen e↵ectors can also interfere with ETI
responses in R-gene-containing plants.
The idea that a similar interplay may occur in plant - insect interactions has been
gaining support, especially in the case of piercing-sucking and galling insects [5–8].
There is growing evidence suggesting the participation of insect e↵ector proteins in
host-plant cell modulation and defense suppression and induction. Most of this evi-
dence is coming from phloem-feeding hemipterans like the green-peach aphid Myzus
persicae [5, 9, 10] and the potato aphid Macrosiphum euphorbiae [11]. However, ge-
nomic data from the plant-galling Hessian fly (HF), Mayetiola destructor, and its
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interaction with host-plant wheat (Triticum aestivum) is also contributing. The
HF is the only insect in which an e↵ector that elicits ETI has been identified [12].
Additional evidence comes from studies of two rice pests: the brown plant hopper
(BPH, Nilaparvata lugens) and the Asian rice gall midge (ARGM, Orseolia oryzae).
Rice resistance genes eliciting ETI to both of these pests have been identified in
rice [13–19] and the mutations that allow BPH to survive on resistant rice have been
mapped [20, 21].
Recent sequencing of the HF genome revealed a large repertoire of potential e↵ec-
tor proteins (>900) within diverse gene families [22]. It has been hypothesized that
the HF secretes these e↵ectors from its salivary glands as first-instar larvae initiate
feeding and that these e↵ectors are responsible for the insects ability to colonize and
stunt susceptible wheat seedlings [8] by interfering with wheat defense responses and
usurping other important cellular processes [8, 23]. The attack of virulent HF larvae
on susceptible wheat plants results in the suppression of plant defense-related gene
expression and defense-related phytohormones [24,25] and the formation of nutritive
plant cells within the first 2-3 days of infestation [26]. On the other hand, HF-resistant
wheat cultivars are able to overcome insect attack by preventing the formation of a
nutritive plant tissue [24]; accumulating defense-related phytohormones (salicylic acid
and 12-oxo-phytodienoic acid) [27] and increasing reactive oxygen species (ROS) at
the feeding site [28]. The initial molecular evidence of e↵ector-driven interactions
between HF and wheat came from findings that HF candidate e↵ector genes are
specifically expressed in the salivary glands of first-instar larvae [29], the life-stage
that initiate the attack and establish the feeding site. Additionally, several HF candi-
date e↵ector proteins appear to be involved with ETI in HF-resistant wheat cultivars.
Loss-of-function mutations in four candidate HF e↵ector genes (vH6, vH9, vH13, and
vH24 ) were found to be associated with the ability of the insect to survive on wheat
lines carrying the corresponding R-gene [12, 22, 30].
Several assays have been developed to investigate the function of e↵ector proteins
from microbial pathogens and plant-parasitic aphids [9,31]. The non-pathogenic bac-
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teria Pseudomonas fluorescens (Pflu) was genetically engineered for delivery of e↵ec-
tor proteins into plant cells through the bacterial type III secretion system (T3SS) [31].
This Pflu strain EtHAn (E↵ector to Host Analyzer) along with the plant pathogen P.
syringae (Psyr) and the E↵ector Detector Vector (pEDV) system [32, 33] have been
extensively used to test eukaryotic e↵ectors on the model plants Arabidopsis and
Nicotiana [33–35]. Recently, Pflu EtHAn was also used to identify a candidate aviru-
lence e↵ector from the stem rust (Puccinia graminis) by looking for HR responses on
resistant wheat plants [36]. Burkholderia glumae, another T3SS-containing bacterial
pathogen, was used to test e↵ectors from the rice blast fungus (Magnaporthe oryzae)
into rice, wheat, barley and Nicotiana [37] and also from the false smut (Ustilaginoidea
virens) into Nicotiana [38]. Similar T3SS-based delivery approaches were used to test
candidate e↵ector proteins from the potato aphid (Macrosiphum euphorbiae) [11] and
the Asian soybean rust (Phakopsora pachyrhizi) [39]. The potato-aphid Me10 e↵ector
was found to enhance aphid fecundity when delivered through Psyr T3SS in tomato,
suggesting the possibility of plant defense suppression role, whereas six soybean-rust
e↵ectors suppressed the Psyr -induced HR in N. benthamiana. The identification of
HF e↵ectors with roles in plant defense suppression or induction of ETI responses has
remained elusive due the absence of a functional assay.
In this study, we examined the utility of the T3SS-based delivery system to test
HF candidate e↵ector genes on wheat and other plants. We used Pflu EtHAn and
B. glumae to ask if candidate HF e↵ectors could induce or suppress plant defense
responses when delivered into plant cells. Under the experimental conditions used in
this study, ETI was not induced on H13 -resistant wheat when Pflu EtHAn expressed
the vH13 e↵ector protein. However, we identified two candidate HF e↵ector genes
expressed in Pflu EtHAn and B. glumae that likely interfere with plant immunity
in Nicotiana. Bacterial T3SS-based delivery system represents an opportunity to
develop a functional bioassay for HF candidate e↵ector-encoding genes.
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4.2 Results
4.2.1 Responses of H13 -resistant wheat to HF vH13 e↵ector delivered
by Pflu EtHAn
Plant defense responses of resistant H13 wheat to avirulent HF larvae seems to
involve accumulation of ROS and presumable HR-like symptoms at the feeding site
among other immune outcomes [28,40]. In order to test the ability of the recently dis-
covered candidate vH13 [12] to induce plant defenses or ETI, we used Pflu EtHAn to
deliver vH13 protein into resistant wheat (Molly) and looked for of HR-like symptoms
and ROS accumulation. First, we cloned the open reading frame (ORF) of the mature
vH13 protein (without signal peptide) into the pEDV6 vector [35] and transformed
Pflu EtHAn with the recombinant clone (pEDV-vH13). The pEDV system encodes
the T3SS signal of the Psyr AvrRps4 e↵ector (residues 1-37) necessary for T3SS-based
delivery and the hemaglutinin (HA) tag for protein detection. As controls, we used
Pflu EtHAn transformed with the empty vector pEDV5 and Pflu EtHAn expressing
a genomic copy of the Psyr avrRpm1 e↵ector, which previously was shown to induce
a chlorotic response and accumulation of ROS in wheat leaves [41]. The Pflu EtHAn
strains were suspended (OD600=2.0) in 10mM MgCl2 and syringe-infiltrated in leaves
of the wheat cultivars Newton (susceptible) and Molly (H13 resistant). At 6 days
post infiltration (dpi) we observed a macroscopic chlorotic response and and HR-like
cell death around the syringe spot in the leaf area infiltrated with EtHAn-avrRpm1
on both Newton and Molly plants (Figure 4.1). No evidences of chlorosis or cell death
was observed in the leaf areas of Newton and Molly infiltrated with either EtHAn-EV
or EtHAn-vH13. These experiments were repeated several times with similar results.
To rule out the possibility of a vH13 protein expression failure, we confirmed
the expression of T3SS-fusion vH13 in Pflu EtHAn by immunodetection of the N-
terminal HA-tag (Figure 4.2). To further examine plant responses to the Pflu EtHAn
strains we measured the accumulation of ROS in the infiltrated leaf areas by 3,3’-
diaminobenzidine (DAB) staining at 6 dpi (Figure 4.1). Accumulation of ROS was
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detected in leaf areas of Newton and Molly infiltrated with EtHAn-avrRpm1. Leaf
areas infiltrated with EtHAn-EV and EtHAn-vH13 strains in the same wheat cultivars
did not show ROS accumulation using DAB staining. Interestingly, we noticed that
leaf areas infiltrated with EtHAn-avrRpm1 refused the chlorophyll bleach out during
final steps of DAB staining (Figure 4.1, f & l,) which could be the result of defense-
related cell wall reinforcement. In this experiment, we found that Pflu EtHAn-vH13
infiltrated into resistant H13 wheat did not induce noticeable macroscopic HR-like
responses or ROS accumulation at levels that could be detected by DAB staining.
Additionally, callose depositions, another common defense-related response, were not
detected in wheat leaves infiltrated with Pflu EtHAn-vH13 (supplementary figure
S5).
4.2.2 Interference with microbial-induced cell death on Nicotiana and
tomato by T3SS-fusion HF e↵ectors expressed in Pflu EtHAn and
B. glumae
Adapted plant pathogens use e↵ector proteins to suppress plant immune responses
and facilitate host colonization [1]. The compatible interactions between HF and
susceptible wheat cultivars; like Newton, results in suppression of plant immune re-
sponses [24,27]. Based on the similarities that HF-wheat interaction share with other
pathogen-plant systems [8], we decided to explore bacterial T3SS-dependent deliv-
ery of e↵ector proteins to test whether or not HF candidate e↵ectors are capable
of a↵ecting plant defense responses. Previously, Pflu EtHAn was shown capable
of eliciting macroscopic HR-related cell death in tobacco (Nicotiana tabacum) and
tomato (Solanum lycopersicum) [31,42]. Considering this, we tested HF e↵ectors for
their capacity to interfere with Pflu-EtHAn-induced cell death when expressed as
T3SS-fusion proteins. To do this, we moved candidate e↵ector-coding genes vH6 and
vHdic into pEDV as described above, and were transformed them into Pflu EtHAn.
After confirmation of e↵ector protein expression in Pflu EtHAn (Figure 4.2), cell
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suspensions of each EtHAn-pEDV strain (EtHAn-EV, -vH13, -vH6 and -vHdic) were
prepared as above and infiltrated into leaves of tobacco and tomato plants. At 2 dpi,
we found that EtHAn-EV infiltrated at OD600 = 2.0 induced a consistent macroscopic
cell death in the infiltrated leaf areas in both plant species. However, EtHAn express-
ing our T3SS-fusion e↵ectors showed a reduced elicitation of macroscopic cell death
when infiltrated at the same cell density (Figure 4.3, A). To independently verify the
strength of cell death on infiltrated leaf areas, we repeated the above experiments
in tobacco and measured the ion leakage at 18 hours post infiltration (hpi) (Figure
4.3, B). Ion leakage is a classical method to assess cell integrity or membrane damage
in plant tissues by measuring the conductivity of leaked content of injured or dying
cells [43, 44]. We confirmed that leaf areas with apparent suppressed cell death had
lower conductivity that EV control in tobacco (Figure 4.3, B).
We also used the plant-pathogenic bacteria B. glumae to test T3SS-delivered HF
e↵ectors for their ability to interfere with plant immune responses. B. glumae can
elicit strong non-host HR on tobacco and N. benthamiana [37, 45]. Therefore we
transformed B. glumae strain 336gr-1 (Bglu) with our pEDV-e↵ector clones, includ-
ing a pEDV-eGFP clone as protein control. The Bglu-pEDV strains (Bglu-EV, Bglu-
vH13, Bglu-vH6, Bglu-vHdic and Bglu-eGFP) were suspended in 0.9% w/v NaCl
(OD600=0.7) and syringe-infiltrated on tobacco and N. benthamiana leaves for HR
elicitation (Figure 4.4, A & C). Infiltration of Bglu-EV and Bglu-eGFP showed clear
symptoms of HR at 24 hpi in tobacco and 48 hpi in N. benthamiana. However,
infiltration of Bglu-vH6 or Bglu-vH13 did not induce HR in either tobacco or N.
benthamiana. Interestingly, infiltration of Bglu-vHdic elicited an HR response com-
parable with that caused by Bglu-eGFP or Bglu-EV.
The strength of cell death was measured by ion leakage at 18 and 36 hpi on tobacco
and N. benthamiana respectively (Figure 4.4, B & D). Leaf areas infiltrated with Bglu-
EV, Bglu-eGFP and Bglu-vHdic showed similar levels of ion leakage, however, the
areas infiltrated with Bglu-vH6 or Bglu-vH13 showed lower levels of leakage compared
with EV or eGFP controls. These observations were consistent with the macroscopic
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non-host HR results seen above. Additionally, we performed co-infiltration of Bglu
pEDV strains expressing vH6 or vH13 and Bglu-EV. We observed no HR elicitation by
Bglu-EV in the overlapping areas previously infiltrated with Bglu-vH6 and Bglu-vH13
(Figure 4.6). The expression of the T3SS-fusion proteins in Bglu was analyzed by
Western blotting. Immunoblotting performed on total protein extracts of Bglu pEDV
strains detected the expression of vH6 but failed for the other T3SS-fusion proteins
(Figure 4.2). Although it is not clear why immunodetection of these proteins failed
in B.glu, at least, detection of eGFP was positive in Pflu EtHAn as shown for the
other T3SS-fusion proteins above (Figure 4.2).
4.2.3 A truncated vH6 e↵ector failed to interfere with Bglu-induced cell
death N. benthamiana
Candidate vH6 is a member of the HF SSGP71 family encoding F-box-LRR con-
taining putative e↵ectors [22]. In eukaryotes, F-box-LRR proteins are key components
of the Skp1-Cullin-Fbox (SCF) E3 ligases involved in the ubiquitin-proteasome sys-
tem for protein degradation or modification. Previously, an SSGP71 family member
was shown to interact with host Skp1-like proteins via the F-box domain, suggesting
an E3 ligase role [22]. Taking this into account, we hypothesized that deletion of the
F-box-like domain from the vH6 e↵ector should negatively impact its mode of action
when delivered by Bglu. Therefore, we cloned an F-box-lacking vH6 (vH6 Fb) ver-
sion into the pEDV system and transferred to Bglu. As expected, Bglu harboring a
truncated vH6 (Bglu-vH6 Fb) did not interfere with nonhost HR on N. benthami-
ana when compared with Bglu-vH6 (Figure 4.5, A). The macroscopic HR response
induced by Bglu-vH6 Fb was equivalent with HR exerted by Bglu-EV. Additionally,
ion leakage assays also showed di↵erences for cell death strength among the treat-
ments (Figure 4.5, B). The bu↵er control (0.9% NaCl) and Bglu-vH6 resulted in low
ion leakage due to no visible HR, while Bglu-EV and Bglu-vH6 Fb showed higher
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levels. Expression of vH6 Fb in Bglu was confirmed by immunodetection of a faint
protein signal (Figure 4.2).
4.3 Discussion
Bacterial T3SS-based delivery approaches have been used as functional bioassays
to identify candidate e↵ector genes from several eukaryotic plant pathogens and par-
asites [11, 33, 35–38]. Here, we wanted to take advantage of the T3SS-based delivery
capacity of Pflu EtHAn and the rice pathogen B. glumae to develop functional assays
for testing HF candidate e↵ectors. Identification of candidate e↵ectors is performed
by looking at changes in plant immunity responses after challenge with bacteria ex-
pressing a T3SS-fusion protein. Since Pflu EtHAn by itself does not express any
e↵ector protein, it can be used to identify heterologous e↵ectors involves in ETI in-
duction in plants such as wheat [36, 46]. On the other hand, B. glumae induces
non-host immune responses in tobacco and N. benthamiana [37] and can be used for
identification of e↵ectors that interfere with plant immunity.
We used Pflu EtHAn expressing a T3SS-fusion vH13 to test whether or not this
candidate HF e↵ector induces ETI responses in the corresponding H13-resistant wheat
cultivar (Molly). In our experiments, Pflu EtHAn-vH13 did not induce a macroscopic
HR response neither accumulate detectable ROS at the infiltrated leaf areas in Molly
(Figure 4.1). Although we were able to detect the expression of the T3SS-fusion vH13
protein in Pflu EtHAn cells (Figure 4.2), we lack the evidence of protein delivery into
the plant, therefore we cannot rule out the possibility that vH13 was not secreted
into wheat cells. Delivery of eukaryotic T3SS-fusion proteins by Pflu EtHAn under
the control of pEDV vectors has been demonstrated in the past [32, 33, 35]. Another
possibility for this result is that vH13-related immune responses in leaf tissue are
not strong enough to generate a visible cell collapse or detectable ROS accumulation.
Future functional assays using the T3SS-based delivery system for HF e↵ectors should
include more sensitive methods for detection of plant defense-related responses.
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As previously reported [31], we found that Pflu EtHAn infiltrated at high cell
densities (O.D   1.5 in our experiments) caused non-host HR in tobacco and tomato.
Therefore, we performed several experiments using Pflu EtHAn, as well as B. glumae,
to identify HF e↵ectors interfering with plant immunity. We found that Pflu EtHAn
and B. glumae containing the pEDV-vH13 or pEDV-vH6 constructs consistently sup-
pressed the elicitation of HR-related cell death in the plant species evaluated. These
finding suggest that plant HR-suppression likely occurs by vH13 and vH6 interfering
with plant immunity. The capacity of B. glumae to deliver eukaryotic T3SS-fusion
e↵ectors into plant cells expressed in pEDV has been demonstrated previously and
used to identify two M. oryzae e↵ectors with HR-suppressing e↵ects [37]. Although
we lack the detection of the T3SS-delivered proteins in planta in this study, we can
still infer the presence of vH13 and vH6 and their e↵ects in the pathogen-plant in-
teraction because B. glumae with an empty vector retains the HR-inducing ability
(Figure 4.4), thus, changes in plant response could be attributed to the presence
of these e↵ectors. We confirmed HR suppression by co-infiltration of Bglu-EV with
Bglu-vH6 or vH13 and demonstrated that interference with cell death can occur in
trans (Figure 4.6), as shown for Asian soybean rust (Phakopsora pachyrhizi) e↵ectors
delivered by Psyr [39]. Suppression of B.glumae-induced HR in N. benthamiana was
recently used to identify several novel eukaryotic candidate e↵ectors from the fungal
pathogen U. virens [38]. Despite Zhang et al. [38] did not perform a confirmation
of in planta e↵ector delivery, from 30 candidate U. virens e↵ectors tested, 8 showed
strong HR suppressive ability while other 10 had weak e↵ects. This seems to demon-
strate that bacterial T3SS-based delivery of proteins o↵ers a fast tool for testing HF
candidate e↵ectors.
How HF e↵ectors vH13 and vH6 might suppress HR in tobacco, tomato and N.
benthamiana is unknown. Candidate vH13 gene encodes a small unique protein (⇠12
Kda) that lacks homology to other known proteins and has no putative conserved
domains identified [12]. Since no similarities with other proteins can be detected, it
is impossible to speculate about the vH13 molecular function. Candidate vH6 pro-
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tein, on the other hand, is a member of a numerous SSGP e↵ector family in HF
that resemble Fbox-LRR proteins [22], a component of SCF E3 ubiquitin-ligases that
targets other proteins for degradation through the 26S proteasome [47–49]. Inter-
estingly, when B. glumae express a T3SS-fusion truncated vH6 protein lacking its
F-box domain (vH6 Fb), we found that the bacteria retain the ability to induce HR
in N. benthamiana (Figure 4.5). The F-box domain is necessary for interaction with
other components of the SCF E3 ubiquitin-ligase complex [50]. Here, it is possible
that absence of the F-box domain in vH6 may alter its ability to interfere with plant
defense responses. HR is a well-known immune response of plants against attacking
pathogens. Several lines of evidence suggest that local HR-like responses may be
involved in wheat plant immune responses against HF attack [40,51]. Therefore, it is
likely that HF may use e↵ectors to suppress diverse plant defense responses, including
HR.
Discovery of candidate insect e↵ectors capable of inducing or suppressing host-
plant defenses is necessary to understand the molecular interplay between plants and
parasitic insects such as the Hessian fly. The development of functional assays to
test these questions will be necessary to speed up the identification of candidate
e↵ectors. Bacteria T3SS-based delivery, like any other heterologous method, has
some limitations. The machinery for protein synthesis in prokaryotes does not have
the ability for post-translational modifications, which limits the analysis to eukaryotic
e↵ectors that may not need these modifications [35]. Another limitation resides in
the fact that the T3SS machinery works for e↵ectors with intracellular functions and
may not be useful for e↵ectors targeting the plant apoplast. Nevertheless, bacterial
T3SS-based delivery systems represent a fast and cost-e↵ective method with potential
for testing candidate HF e↵ectors.
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4.4 Methods
4.4.1 Candidate HF e↵ector gene cloning and plasmid construct prepa-
ration
Total RNA was isolated from HF first-instar larvae biotype GP using RNeasy
Mini Kit (Qiagen) and transcribed to first-strand cDNA with SuperScript III First
Strand Synthesis (Invitrogen). Double-stranded cDNA for e↵ector genes were am-
plified from first-strand cDNA using gene-specific primers containing Gateway attB
adapters (Table 4.1). These primers were designed to exclude the corresponding
secretion signal peptides from each e↵ector gene. Gene attB PCR products were
recombined into pENTR/pDONR vectors using Gateway BP reactions (Invitrogen)
and chemically transformed in Escherichia coli OmniMAXTM2 (Invitrogen). Recom-
binant colonies were selected on kanamycin LB plates. Colonies carrying the recombi-
nant plasmids were selected for plasmid isolation and DNA insert sequencing. Genes
in pENTR/pDONR vectors were recombined by Gateway LR reactions (Invitrogen)
into expression vector pEDV6 and transformed in E. coli OmniMAXTM2. Recombi-
nant colonies were selected on gentamicin LB plates and used for plasmid isolation. A
pEDV-GFP construct was built by LR recombinantion between plasmids pENTR1A-
GFP-N2 (FR1) [52] and pEDV6 [32]. Plasmid pEDV5 [33] was used as empty vector
(EV) control. pENTR1A-GFP-N2 (FR1) was a gift from Eric Campeau (Addgene
plasmid # 19364). Plasmids pEDV5/6 were generously supplied by J. Jones (The
Sainsbury Laboratory, Norwich U.K.).
4.4.2 Mobilization of pEDV constructs into bacteria
The pEDV constructs were movilized from E. coli to Pflu strain EtHAn using
triparental mating with E. coli pRK2013 as follow. One colony of each E. coli pEDV
strain (donating strain), Pflu EtHAn (recipient strain) and E. coli pRK2013 (helper
strain) were plated for 14-16 hours on LB agar containing the appropriate antibiotics.
78
A loop of bacteria was scraped and dissolved in 500 µL LB. Bacteria were pelleted
at 3000 rpm for 5 min and resuspended in 100 µL of autoclaved water. Bacteria
resuspended in water (100 µL) from each donating, recipient and helper strain were
mixed together and spotted (100 µL) on LB agar with no antibiotics for incubation
at 30 C for 14-16 hours. A loop of growing bacteria was dissolved in 500 µL LB and
spotted (100 µL) onto chloramphenicol and gentamicin LB agar for selection of Pflu-
EtHAn pEDV strains. Electrocompetent B. glumae was prepared as described [53]
with minor modifications. In brief, the B. glumae strain 336gr-1 was inoculated in
20 mL LB medium for 14-16 hours at 28 C with shaking until OD600 = 0.8. Lid
was open for 30s under clean conditions and then maintained at 28 C with shaking
for 4 hours more. Cells were pelleted twice at 4 C with 3000 rpm for 5 min, each
time resuspended in cold 10% glycerol. Pellet was dissolved in 600 µL of cold 10%
glycerol and divided into 50µL aliquots. Aliquots were stored at -80 C for transfor-
mations. Each plasmid construct (0.3 µg) was electroporated into B. glumae using a
MicroPulse Electroporator (Bio-Rad). Transformant B. glumae strains were selected
on gentamicin LB agar. Pflu-EtHAn strain was supplied by J. Jones while B. glumae
strain 336gr-1 was generously transferred by J. H. Ham (Dept. Plant Pathology and
Crop Physiology, Louisiana State University).
4.4.3 Bacteria expression of T3SS-HA-fusion e↵ectors and immunodetec-
tion
Pflu-EtHAN pEDV (EtHAN-pEDV) and B. glumae pEDV (Bglu-pEDV) strains
were inoculated in 5 mL LB medium with appropriate antibiotics and incubated
at 30 C with shaking during 20-24 hours. Cells were collected at 3000 rpm for 5
min and washed once with 10 mM MgCl2. Cells were resuspended in autoclaved
hypersentive-response-and-pathogenicity (hrp)-inducing medium [35] at OD600 = 1.0
and incubated at 22 C with shaking for 15 hours. Induced cells were collected at 3000
rpm for 10 min and resuspended in 50 µL of protein-loading bu↵er. Crude protein
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extract were separated on 5-20% SDS-PAGE gels and transferred onto nitrocellulose
membrane by electroblotting. Membrane was blocked with 0.2% casein in TBS (20
mM Tris, 500mM NaCl, pH 7.5) for 45 min. Immunodetection was performed with
anti-HA (HA Epitope Tag Antibody, Pierce) in a 1:5000 dilution in antibody bu↵er
(0.2% casein, 0.1% Tween in TBS) for 15 hours at 4 C followed by incubation with
alkaline phosphatase conjugated secondary antibody (Goat anti-Mouse IgG (H+L),
Pierce) at 1:5000 in antibody bu↵er for 1 hour. Blot was developed with SIGMAFAST
BCIP/NBT solution (Sigma).
4.4.4 HR induction/suppression assays
For HR-induction in wheat, EtHAn pEDV strains were plated on KB agar with
appropriate antibiotics and incubated at 30 C for 14-16 hours. Cells were scraped
and dissolved in 10mM MgCl2 at OD600 = 2.0. Bacteria suspensions were infiltrated
with a 1-mL syringe without needle into the 2nd leaf of one-week old wheat seedlings.
Infiltrated plants were kept at 20 C±1 in growth chamber. HR was recorded after six
days. For HR suppression assays, EtHAn-pEDV and Bglu-pEDV strains were plated
as above. EtHAn-pEDV strains cells were prepared as described earlier whereas
Bglu-pEDV strains were dissolved in 0.9% NaCl solution at OD600 = 0.7. Bacteria
suspensions were infiltrated with a 1-mL syringe without needle into 4-5 weeks old
tobacco (Nicotiana tabacum Burley 21 HA) and tomato leaves for EtHAn-pEDV
strains or tobacco and N. benthamiana leaves for Bglu-pEDV strains. Infiltrated
plants were kept at 24 C±1 in growth chamber. HR was recorded after 24 h for
tobacco or 48 h for N. benthamiana and tomato.
4.4.5 Ion-leakage assays
EtHAn-pEDV and Bglu-pEDV cell suspensions were prepared and infiltrated in
leaves of tobacco and N. benthamiana plants as described above. Leaf disks of 150
mm of diameter were collected from the infiltrated areas using a cork borer at 18
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hpi for tobacco and 36 hpi for N. benthamiana. Leaf disks were floated on 15 mL
nanopure water and incubated at 22 C with gently shaking (100rpm). Conductivity
in the water was registered after 4 hours of incubation using a conductivity meter
(Metler Toledo S30K) with sensor probe (Conductivity Sensor LE703, Metler Toledo).
Samples from three di↵erent plants were used as replicates for each treatment.
4.4.6 B. glumae co-inoculation assays
Cell suspensions of Bglu-EV, Bglu-vH6 and Bglu-vH13 were prepared as above
at OD600 = 0.7 in 0.9% NaCl. Bglu-vH6 and Bglu-vH13 cells were first infiltrated
in Nicotiana plants and six or twenty-four hours later Bglu-EV was infiltrated in
tobacco or N. benthamiana respectively, overlapping the previous inoculation areas.
HR responses were recorded at 48 hours after Bglu-EV.
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Fig. 4.1. Plant immune responses of wheat to T3SS-delivered vH13.
Macroscopic cell death (CD) reactions in leaves of Newton (suscepti-
ble, a-c) and Molly (H13 resistant, g-i) at 6 days after the infiltration
of Pflu EtHAn strains (OD600 = 2.0) carrying pEDV5-EV, pEDV-
vH13 or avrRpm1 as control. Accumulation of reactive oxygen species
(ROS) measured by DAB staining in Newton (d-f) and Molly (j-l) at


















































Pflu-EtHAn B. glumae 
*
Fig. 4.2. Immunoblot detection of T3SS-fusion proteins. Proteins
were detected in P. fluorescens EtHAn (Pflu-EtHAn) and B. glumae
by western blot using an anti-HA antibody. Asterisks denote the
expected protein size for each fusion protein. An arrow indicates the
expected protein size in the empty vector product corresponding to
























































Fig. 4.3. Reactions of tobacco and tomato to Pflu EtHAn carrying
T3SS-fusion HF e↵ector genes. (A) Pflu EtHAn-EV (EV) induce HR-
like cell death in tobacco and tomato at high cell densities (OD600 =
2.0). Pflu EtHAn carrying the T3SS-fusion proteins vH13, vH6 and
vHdic had a reduced elicitation of HR-like cell death. Below each pic-
ture there is the number of times that cell death elicitation occurred
from 6 infiltrated plants for each Pflu EtHAn strain. Pictures were
taken at 48 hpi. (B) Ion leakage assays for leaf areas of tobacco infil-
trated with Pflu EtHAn strains (OD600 = 1.5) showing reactions as
in A. Conductivity was measured at 16 hpi from three independent
leaf areas. Error bars represent the standard error. Statistical dif-
ferences among the treatments were found with ANOVA (F = 16.27,
























































































Fig. 4.4. Reactions of tobacco and N. benthamiana to B. glumae car-
rying T3SS-fusion HF e↵ector genes. Bglu-pEDV strains (EV, vH13,
vH6, vHdic and eGFP control) were infiltrated (OD600 = 0.7) in
leaves of tobacco (A) and N. benthamiana (C) for HR elicitation.
Pictures were taken at 48 hpi for both plant species, however in to-
bacco the HR is visible at 24 hpi. The number of times that cell
death was elicited by each Bglu-pEDV strain is showed below the leaf
picture. Ion leakage assays for infiltrated leaf areas in tobacco (B)
and N. benthamiana (D) measured at 18 hpi. Each bar represents the
average conductivity from 3 independent plants; error bars represent
the standard error. Statistical di↵erences among the treatments were
found with ANOVA (tobacco, [F = 31.59, p<0.0001]; N. benthamiana,



































Fig. 4.5. B. glumae carrying a truncated vH6 elicits HR-related cell
death in N. benthamiana. (A) Bglu-pEDV strains were infiltrated in
leaves of N. benthamiana as described in Fig. 4.4. HR elicitation was
recorded at 48 hpi. B. glumae carrying an empty pEDV vector (EV)
elicits cell death, but not when it carries pEDV-vH6. Cell death is
again elicited when B. glumae carries a truncated vH6 clone (missing
the N-terminal F-box domain) in the pEDV vector. The number of
times each strain elicited cell death in 5 plants is shown below the
leaf picture. (B) Ion leakage assay for infiltrated leaf areas of N. ben-
thamiana as in A. Bars represents the average conductivity measured
at 18 hpi in 3 independent plants; error bars represent the standard
error. Statistical di↵erences among the treatments were found with




a c e 
f 
vH13 vH6 EV 
NaCl vH6 NaCl 
Fig. 4.6. Co-inoculation assays for HR interference. Leaf areas of
tobacco (a-d) and N. benthamiana (e,f) were co-infiltrated with B.
glumae carrying pEDV-EV (EV), pEDV-vH6 (vH6) or pEDV-vH13
(vH13) construct (denoted by black dashed lines) and B. glumae
pEDV-EV (red dashed lines). HR suppression was recorded at 48
hpi in the overlapping areas.
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Appendix A: Supplementary data for Chapter 2
Table S1
PCR-based molecular markers for gene mapping
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Fig. S2. vHdic mapping using PCR-based markers. Hdic-avirulent
and Hdic-virulent males from generations F2, F6 and F10 in the
vHdic-RIL population were genotyped with PCR-based genetic mark-
ers on sca↵olds X2.7 and X2.8 (Chaoyang Zhao, unpublished data).
Number of recombinant individuals are shown for each generation.




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Fig. S4. Unrooted phylogenetic tree of SSGP71 family. This is an
unrooted representation of the phylogenetic tree in Figure 3.1. Termi-
nals are colored according to chromosome (A1; A2; X1 and Unknown)
position on HF genome. Main clusters are indicated with Roman nu-
merals (I to VIII) based on length branches. SSGP71 proteins on
sca↵old Un.17588 are denoted (brown) as described in Figure 3.1.
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Appendix C: Supplementary data for Chapter 4
a b 
c d 
Fig. S5. Callose accumulation in H13 -resistant wheat. Wheat leaves
were inoculated with (a) 10mM MgCl2 bu↵er, (b) Pflu EtHAn pEDV-
EV, (c) Pflu EtHAn pEDV-vH13 and (d) P. syringae. Inoculated
leaves were stained with aniline blue at 48 hpi. Pictures were taken
with epifluorescence microscope under UV light. Callose accumulates
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